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THE INFLUENCE OF DESIGN ON LONGITUDINAL 
BENDING MOMENTS IN CARGO SHIPS 


By P. D. FRASER-SMITH and P. R. SALISBURY 


INTRODUCTION 


RIOR to the amendments to Table 18 of 

the Rules being introduced, the scantlings 

of members contributing to the longi- 
tudinal strength of a ship were governed solely 
by its size and proportions. It was in fact 
generally assumed that, in this type of ship, 
the stresses imposed on it were largely governed 
by the size and proportions and varied little on 
account of general arrangement. 


Until recently, this assumption was valid for 
the vast majority of cargo ships, due to the 
fact that there was relatively little variation in 
design; moreover, service experience confirms 
that the assumption was justified. Latterly, 
however, changes in world trade conditions have 
given rise to more specialised designs and 
higher speeds in many eases. The higher speed 
ships have, of course, finer forms and greater 
machinery powers, so that it has been neces- 
sary to provide longer engine rooms and to 
compensate for the resulting loss of cubic 
capacity by the addition of cargo spaces in 
foreeastles and poops. In such designs, there- 
fore, the cargo is concentrated further towards 
the ends and the hogging moment is increased. 


The widening of the speed range in recent 
cargo ships, and in some eases the provision 
of special cargo spaces for special trades (e.g., 
latex tanks and refrigerated compartments), 
has led to considerable variations between one 
ship and another in general arrangement and 
consequently in the stresses imposed by the 
loading. Fig. 1 illustrates this point in that 
there is as much as + 15 per cent variation 
from the average total stress in post-war ships 
of the same length, in spite of the fact that 
all the ships in question have been examined 
on the basis of a standard loading condition 


and have been assumed to have scantlings in 
accordance with the post-1948 Rules. 


Fig. 1 also shows for comparison a mean 
stress curve for pre-war ships (based on pre- 
war Rules). It will be seen that in spite of the 
increased scantlings required by the post-1948 
Rules, pre-war ships on the average tend to be 
less highly stressed, particularly at shorter 
lengths. 


It is obviously desirable that there should be 
some consistent standard of longitudinal 
strength, at least as far as Classification 
Society Rules are concerned. Therefore, 
whether it is decided to limit the stress in a 
standard condition of loading to one particular 
maximum value or to allow the maximum per- 
missible value to vary with length and speed 
or some other parameter, it is nevertheless 
necessary to calculate the stresses in each case 
or, alternatively, to take the general arrange- 
ment into account in determining the scantlings. 


It is also desirable that the designer should, 
as far as trim and other considerations permit, 
plan the general arrangement so that the mini- 
mum stresses are imposed on the ship in service. 
He should, therefore, carry out some form of 
longitudinal strength calculation or, if the 
design is based on a previous ship, he should 
know the effect on the longitudinal strength of 
differences between the new design and the 
parent design. 


The classical longitudinal strength caleula- 
tion is a lengthy and laborious procedure and, 
as far as cargo ships are concerned, it is only 
carried out in the majority of shipyards in 
special cases. 


This paper describes how the various factors 
in the general arrangements affect the longi- 
tudinal bending moment and an attempt has 


been made to evolve a semi-graphical method 
of determining the bending moment with suffi- 
cient accuracy to be of use in the initial stages 
of design and in determining suitable scant- 
lings. This method has in fact formed the 
basis of the recent amendments to Table 18 of 
the Rules and some notes on this aspect of the 
matter are given in an Appendix to the paper. 


BASIS OF INVESTIGATION 


One approach to problems of longitudinal 
strength is to separate the longitudinal bending 
moment into two components. The first com- 
ponent, known as the still water bending 
moment (S.W.B.M.) is the moment due to the 
statie weight and buoyancy forces in still water, 
while the second component, known as the wave 
bending moment (W-.B.M.), is the additional 
moment due to the passage of a wave. A prac- 
tical method of calculating bending moments 
on this basis is given in “Longitudinal Bending 
Moments”, by J. M. Murray (Trans. I.E.S.S. 
1947). 


According to this method the bending 
moment caused by the passage of a standard 
wave is given by the formula, 

W.B.M.=bL3B X 10-6 


where b is a coefficient dependent on the hull 
form and L and B are the length and breadth 
of the ship respectively. Thus, the wave 
bending moment is unaffected by the load dis- 
tribution and ean be ireadily determined. 


On the other hand the still water bending 
moment is dependent on the general arrange- 
ment and weight distribution, being obtained 
by considering the forward and after bodies of 
the ship separately and taking the difference 
between the mean weight moment and the mean 
buoyancy moment, i.e., 


S.W.BM.=5 (LCG — LCBu) 


Thus, it will be seen that for any displace- 
ment the value of (LCG,,—LCB,, ), hereafter 
referred to as the eccentricity, is a criterion of 
S.W.B.M., the moment being hogging when 
LCG,, exceeds LCB,, and sagging when LCB,, 
exceeds LCG,,. It may be noted here that in 


dry cargo ships having their machinery amid- 
ships, the general arrangement is always such 
that the greatest bending moment is a hogging 
moment and is produced in a loaded condition. 


The investigations described below were in- 
stigated for the purpose of determining the 
relationship between the various design charae- 
teristics and the eccentricity and it was found 
that the results, besides being of value from a 
comparative point of view, could be expressed 
in such a way as to enable the eccentricity (and 
hence the §.W.B.M.) of any normal cargo ship 
in the standard condition to be evaluated very 
rapidly. 


METHOD OF INVESTIGATION 


The investigation of the relationship between 
the various design characteristics and the eccen- 
tricity was carried out by means of a systematic 
variation of a basie hypothetical design. Each 
feature of the design likely to influence the 
eccentricity was varied separately and a bend- 
ing moment ealeulation was carried out by the 
Murray method for each variation. In this way 
the separate effect of each feature on the eccen- 
tricity could be determined. 


The basic design was that of a two-deck 
cargo ship, having dimensions 400 x 55 x 36 ft., 
draught 26 ft., moderately U-form hull sections 
and a general arrangement similar to that 
shown in Fig. 2. 


The effects of changes in the following design 

features were investigated initially :-— 
1. Block coefficient. 
2. Length of machinery space. 
8. Position of machinery space. 
4. Weight of machinery. 

For this purpose, four sets of lines with block 
coefficients of 0°60, 0°65, 0°70 and 0°75 were 
developed from a parent form and the eccen- 
tricity was calculated for three different lengths 
of machinery space, each in three different 
positions in each hull form. Then the machin- 
ery weight was varied. in association with 
different lengths and positions of machinery 
space, but the effect of this feature was fully 
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investigated in conjunction with one hull form 
only (Cy =0°70), check caleulations being made, 
using the other forms to ensure that the results 
were not influenced by block coefficient. 


While the basie design adopted for this 
investigation was for a 400-ft. ship, the results 
were made independent of size by expressing 
all variables in terms of non-dimensional ratios. 
Thus, the length and position of the machinery 
space were expressed as ratios to the length L, 
the machinery weight in terms of displace- 
ment and the calculated eccentricity as 


LCG» — LCBn 
eae © ols 

For purposes of comparison it was necessary 
to base these investigations on a_ standard 
condition of loading and accordingly the so- 
ealled “standard arrival condition” was 
adopted. In this condition the cargo is distri- 
buted homogeneously in all available spaces. 
The weight of cargo is based on the full dead- 
weight, allowing for half the total capacity of 
oil fuel, the full capacity of fresh water and a 
standard weight of stores, crew and effects in 
the departure condition. It is assumed that on 
arrival, the oil fuel will be half used and the 
fresh water three-quarters used and that both 
will be concentrated in the double-bottom or 
service tanks nearest midships. It may be 
added that for the hypothetical designs used in 
the systematic investigation, the total oil 
fuel capacity was based on a range of 10,000 
miles at a speed appropriate to the block co- 
efficient in question. 


In addition to the design characteristics 
mentioned above the effects of the following 
were also investigated :— 


5. Carriage of cargo in forecastle and 
poops. 


6. Exclusion of cargo from midship deep 
tank. 


Addition of cross bunker. 
Variation of load draught. 
Variation of homogeneity of cargo. 


10. Variation of shape of hull sections. 


RESULTS 
LENGTH AND PosrTion OF MACHINERY SPACE 


Fig. 3 illustrates the manner in which the 
eccentricity varies with the length and position 
of the machinery space and the block coefficient. 
As might be expected, the eccentricity increases 
with length of machinery space and is maxi- 
mum when the machinery space is amidships. 


It should be pointed out here that, although 
the bending moment calculations were based on 
the arrival condition (the stresses in this eon- 
dition are normally higher than in the corres- 
ponding departure condition), the displacement 
used in the bending moment estimation method 
is the fully loaded or departure condition. 
Therefore, it is necessary to reduce the caleu- 
lated values of e in the ratio of arrival to 
departure displacement in order that the correct 
result will be obtained finally. 


The corrected values of e for one hull form 
are shown in Fig. 4. This diagram is used as 
the basie graph in the bending moment estima- 
tion method, corrections being applied for 
variations in other features from the standard 
values to which the curves apply (C,,=0-70, 
machinery weight w = 0-06A). 


BiLock COEFFICKENT 


The block coefficient has a more or less 
uniform effect on the eccentricity. The eecen- 
tricity varies inversely as the block coefficient, 
the rate of variation being almost completely 
independent of both length and position of 
machinery space. This general effect is to be 
expected, since a reduction in block coefficient 
influences the under-water form to a greater 
extent than it does the above-water form, so 
that the mean LCG is more affected than the 
mean LCB. 


It should be remembered here that, although 
a fine ship tends to have a greater eccentricity 
than the corresponding full ship, the displace- 
ment is also affected by a change in block 
coefficient. Other factors being equal, therefore, 
a reduction in block coefficient causes only a 
small increase in the still water bending moment 
while it reduces the wave bending moment, so 


that the total moment may in some cases be 
reduced. On the other hand, as mentioned in the 
Introduction, finer ships generally have longer 
machinery spaces and other features which 
serve to inerease their bending moments. 


Fig. 5 shows the effect of block coefficient on 
the eccentricity, and the diagram gives the 
correction to be applied to the value of e 
derived from Fig. 4 when the block coefficient 
differs from 0°70. The correction, as would be 
expected, is slightly greater when the machinery 
space is short and there is therefore a greater 
proportion of cargo space. The position of the 
machinery space has virtually no effect on this 
correction. 


MACHINERY WEIGHT 


The weight of engines, boilers and auxiliary 
equipment in the machinery space has a ‘con- 
siderable effect on the eccentricity. The eccen- 
tricity varies inversely as the weight, but the 
magnitude of the variation depends both on the 
length and the position of the machinery space. 
The effect of weight is, in fact, more important 
in long machinery spaces and greatest when the 
centre of the machinery space is amidships. 


Fig. 6 gives the correction to the basic value 
of e (as derived from Fig. 4) per 0-01 difference 
in w/A from 0-06. It should be noted that the 
weight of machinery, w, excludes the weight of 
shafting and propellers. This is an attempt to 
enable the curves to be used for both single- 
and twin-serew ships, it being argued that the 
loss of cargo in way of an additional shaft 
tunnel is largely offset in terms of weight by 
the extra propeller, shafting and structure. An 
average value of w/A is 0-06 and this figure 
has been adopted as a standard for the basic 
curves in Fig. 4. 


Experience has shown that the machinery 
weight ratio is the most important of all the 
variables from the point of view of effect on 
eccentricity; ships with turbine machinery in 
long engine rooms invariably have large eccen- 
tricities, while the smallest eccentricities are 
found in ships having direct diesel engines in 
short machinery spaces located well aft of 
midships. 
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FORECASTLES AND Poors 


Reference has been made above to the 
tendency in modern fine-form ships to fit cargo- 
carrying spaces external to the moulded hull, 
i.e., poops, forecastles, ete. These spaces result 
in an increase in the mean LCG of the cargo 
and hence also in the eccentricity. 


Fig. 7 illustrates the approximate effect of 
these spaces. Allowance has been made for the 
reduction in stowage rate resulting from in- 
creased cubic capacity on a fixed deadweight 
and the cargo is assumed to be stowed up to 
the forepeak bulkhead in the ease of a fore- 
castle or aft of the tonnage well position in the 
case of a poop or extended ’tween deck. An 
attempt has been made to allow for the varia- 
tions in above-water form by introducing block 
coefficient as one of the parameters. 


The effect of these additional cargo spaces 
ean be determined with greater accuracy from 
the following formula, which of course could 
not be simply expressed in graphical form :— 


a] 


Ss 
ss ee — -25] —-20L 
de =T5AL (2 —°251 — -201L) 


where 8e=the additional eccentricity due to 
loading the space. 
S=the capacity of the space in cubic 
feet. 
and z=the distance of the centre of gravity 
of the space from midships 
(1 denotes the length of the machinery space, 
as before). 


Drepr TANKS 


A large number of modern ships are fitted 
with deep tanks adjacent to the machinery 
space. These tanks are intended for ballast 
water or special oil cargoes and they are often, 
therefore, unsuitable for the carriage of general 
or bulk cargo. If, then, such a midship deep 
tank is left empty in the fully loaded condition, 
the eccentricity will be increased, the magnitude 
of the increase depending on the size and posi- 
tion of the deep tank. 


Fig. 8 indicates the variation in the effect of 
an empty deep tank. It will be seen that a 


large deep tank amidships may well serve to 
inerease the eccentricity, and hence the still 
water bending moment, by as much as 50 per 
cent; thus considerable inereases in seantlings 
may be necessary in some eases if it is desired 
by Owners to eater for the “deep tank empty” 
condition. 


Cross BuNKERS 


The effect of a cross bunker at the fore end 
of a machinery space is somewhat similar to 
that of a deep tank. However, in the arrival 
condition, there is usually some oil in the tank 
and the inerease in eccentricity is therefore less 
than in the case of an empty deep tank. Where 
the cross bunker forms the only oil fuel space 
used in the arrival condition its effect on the 
eccentricity may be obtained approximately 
from Fig. 8 by using the full oil fuel capacity 
of the bunker for C and multiplying the per- 
centages read from the curves by 2/3. 


Draugur 


The effect of change of draught on eccen- 
tricity was found to be negligible within the 
range of loaded displacements. A 5 per cent 
change in draught produces only 1 per cent 
change ine. It is interesting to note that the 
load-line standard of strength, which relates 
section modulus to draught in direct proportion, 
is theoretically incorrect, and results in shallow 
draught ships being more highly stressed than 
maximum draught ships. 


HOMOGENEITY AND TYPE OF CARGO 

The possibility of different densities of cargo 
being loaded into the forward and after holds 
for trim purposes was investigated. The 
smallest eccentricity is obtained in the com- 
pletely homogeneous condition. If a given 
percentage of cargo is transferred from the 
forward to the after holds, then the eccentricity 
is increased by half that percentage. 


Another effect that has been examined is the 
change produced by loading bale instead of 
grain cargo, The mean centre of gravity of a 
bale cargo is less than that of a grain cargo, 
because not only do the structural deductions 
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form a larger percentage of volume at the ends 
of the ship, but the depth of framing is in- 
creased at the fore end. A reduction of about 
1 to 14 per cent in bending moment is produced 
by loading a bale cargo. 


Hutt Form 


The parent form adopted in the investigation 
had moderately U-form hull sections, but at 
the finer block coefficients the adoption of 
predominantly V-form sections will affect the 
eccentricity. Theoretically as a form is 
“V-ed” the cargo LCG tends to go “out” and 
the LCB to come “in”, both effeets inereasing e. 
However, it has been found that due to the very 
narrow waterlines at the tank top in V-form 
ships, there is an almost universal practice of 
building wing-tanks abreast the tunnel aft, and 
of raising the tank top forward. Both these 
features reduce e, and in actual cases examined 
this cancelled the effects of the V-lines men- 
tioned earlier. No significant error is therefore 
introduced by the possible variations in hull 
form. 


One feature which may, however, affect 
eccentricity appreciably is sheer. Should a ship 
have excessive sheer at the ends, then the eccen- 


tricity will be increased. Fortunately, it is not 


often that the sheer is sufficiently great to 
justify correction, but some Seandinavian 
designs have half-height poops and forecastles, 
which are really a form of excess sheer. In 
such eases Fig. 8 will indicate the percentage 
increases in e or S.W.B.M. if allowance is made 
for the effective tween deck height. 


METHOD OF ESTIMATING STILL WATER 
BENDING MOMENT 


As outlined above, the still water bending 
moment in the standard arrival condition can 
be estimated with reasonable accuracy by lift- 
ing the basie value of e from Fig. 4, correcting 
it for differences between the standard and 
actual ships by means of the subsequent 
diagrams and substituting the final value of e 
in the formula 


B.WiB Mo 


This procedure is illustrated in the examples 
given below. It may be added that the total 
bending moment can be determined by caleu- 
lating the wave bending moment from Murray’s 
formula (W.B.M.=bL®B x 10-®) and adding 
it to the still water bending moment. 


Example 1 


Dimensions: 400 ft. x 55 ft. x 36 ft.; 
24 ft. draught. 


A diesel-engined ship of moderate speed, com- 
pact machinery space situated aft of midships, 
no cargo forecastle or deep tank. 


Cy ='70 A= 10,600 tons 
1=48 ft. x= 40 ft. w = 742 tons 
1 x W 
=°12 — == *]1() —= "(7 
L L ‘ 
Basic e 01830 (Fig. 4) 


Block Coefficient correction = nil (Fig. 5) 
Machinery Weight correction =—00116 (Fig. 6 
Final e = ‘01714 
Still Water Bending Moment 
10,600 
dae 


= 36,300 ft. tons 


x 400 x 01714 


Example 2 


Dimensions: as Example 1 


A steamship having a long engine room fitted 
with reciprocating machinery, watertube boilers 
and exhaust turbine, and with an oil fuel cross- 
bunker forward of the engine room. 


Cy =°72 A= 10,900 tons 
l=72 ft x = $2 ft. w= 620 tons 
; x w 
-—-='18 — = *()8 —== D7 
L i 7 
z for cross bunker c for cross bunker 
= 10 ft. = 400 tons 
% c 
~—=="025 —=')367 
L alae 
Basic e = 0294 (Fig. 4) 
Block Coefficient correction= — -0017 (Fig. 5) 


Mchy. Wt. correction 
=°3 x 00155 = + -0005 (Fig. 
O82 
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Cross bunker 
=2/3 x 20%=14Y%= + 0039 
“O321 
Still Water Bending Moment 


10,900 
= 9 


x 400 x *0821 


70,000 ft. tons 


Example 3 


Dimensions: as Example 1 


A fast cargo liner, having turbine machinery, 
long cargo forecastle and a deep tank forward 
of the engine room. 


Cy. = °65 A =9,850 tons 
1= 60 ft. x = 20 ft. w = 540 tons 
i x w 
it "15 = “OD a “ODD 
Length of forecastle 80 ft. c= 20 
C for deep tank = 1,080 tons z= 22 it. 


Z ‘ 
—= 0525 


lion L 
Basic e = ‘0275 (Fig. 4) 
Block Coefficient correction= + °0045 (Fig. 5) 


Mchy. Wt. correction 


='h x 00178 = + 0009 (Fig. 6) 
Forecastle correction = + ‘0029 (Fig. 7) 


“OBD58 


S.W.B.M. (Deep Tank Full) 
9,850 F 
"x 400 x 0358 


70,500 ft. tons. 

if empty (Fig. 8) 
=38,800 

S.W.B.M. (Deep tank empty)=109,300 ft. tons 


Deep tank=55% increase 


It will be noticed that the basie dimensions of 
Length, Breadth, Depth and Draught are the 
same for each example. Thus each ship would 
have identical scantlings on the 1953 Rules. Yet 
the bending moments vary from 36,300 ft. tons 
to 109,300 ft. tons. 


Variation of design in a given size of ship 
can thus cause large variations in stress if the 
seantlings are not suitably modified. 


VALUES OF ECCENTRICITY eC. 
FOR VARIOUS LENGTHS AND POSITIONS OF MACHINERY | 
FOR STANDARD BLOCK COEFFICIENT Cys 70 , 


ar 
AND FOR STANDARD MACHINERY WEIGHT ms 


Py 
Bi 


e = LENGTH OF MACHINERY SPACE 
X =CENTRE OF MCHY SPACE FROM MiDSHIP 


Q& = DISPLACEMENT AT Load DRAFT 


w MACHINERY WEIGHT 
EXCLUDING SHAFTING & PROPS 


= LENGTH OF SHIP 


oO 


FIG. 4 
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IG. 5 BLOCK COEFFICIENT CORRECTION 


MACHINERY WEIGHT VARIATION . 


INCREASE 
DECREASE 


OF ECCENTRICITY © FOR -Ql 


4y = MACHINERY WEIGHT 


EXCLUDING PROPELLERS & SHAFTING 


DECREASE 
| 
INCREASE 


—=s—Fp 


Ns, 


STANDARD =. 
xs 
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FIG. 6 
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EFFECT OF LONG CARGO FORECASTLE. 


PERCENTAGE INCREASE ON THE ECCENTRICITY @ 


LENGTH OF FORECASTLE AFT OF FORE PERPENDICULAR 


LENGTH OF SHIP 
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EREECT OF EMPiY DEEP “RANKS. 


PERCENTAGE INCREASE IN ECCENTRICITY bie 


Z = CENTRE OF TANK FROM AMIDSHIPS. 


L = LENGTH OF SHIP IN FEET. 


0 4) 
S.W. BALLAST CAPACITY OF DEEP TANK 
LOADED DISPLACEMENT. 


APPENDIX 


ALTERATIONS TO RULES 


Tn view of the fact that very high stresses can 
be induced in some ships by virtue of their 
design and general arrangement, it was decided 
that the eecentricity should in effect be intro- 
duced into the Rules for the purposes of deter- 
mining the required deck area. 


The magnitude of the still water bending 


moment is given by AL 


x e, so that the still 


water stress varies with length, block coefficient 
and the value of e. Likewise it ean be shown 
that wave stress varies with length, block eo- 
efficient and inversely with draught. Therefore 
total stress varies with length, block coefficient 
and e and inversely with draught. 


It is generally recognised that the maximum 
total stress which can safely be allowed in any 
case depends on the length of the ship, and by 
relating the maximum permissible stress to the 
actual total stress, the maximum permissible 
value of e ean be obtained. This @eyj:ea,._ Must 
then vary with draught and inversely with block 
coefficient. Tt ean in fact be shown that, within 
limits, 

Pe ine Cay e/a) 

Coritieal =Cytandara (Cy) (*06) 
Where @ytanaara IS the critical 
corresponding to Cy = 70 and d/l. = -06 


value of e 


Now, the still water stress is approximately 
half the total stress so that a change of say 2 
per cent in e results in a change of 2 per cent 
in still water stress and hence a change of about 
1 per cent in total stress. Therefore, in order 
to limit the total stress in any ship to the 
critical figure, the section modulus of that ship 
should be altered by half the percentage differ- 
ence between the actual and critical values of e. 


But it is generally true to say that, in order 
to inerease the section modulus by say 1 per 
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cent, it is necessary to increase the area of deck 
plating by about 2 per cent. Therefore, in order 
to limit the total stress in any ship to the 
critical value, the deck sectional area should 
be multiplied by the ratio of the actual and 
critical values of e. 


The systematic investigation described in this 
paper resulted in the actual value of e for any 
ship being obtainable. The values of basic e 
and the corrections were therefore divided by 


‘70 1 


Bosnaam 0% 06 * 100 and tabulated: a corrected 


value derived from these tables when multiplied 


Cy é 
by a then gives the necessary deck factor. 
This factor only takes account of static 


stresses and it is reasonable to suppose that the 
faster a ship is driven into heavy seas, the 
greater will be the dynamic shock effects. While 
little is known of such effects at this time, it 
has been considered advisable to attempt to 
allow for them by introducing a further 
correction to the factor. The factor has there- 


1°5 
1+ V?/L 
(=1 for a 400-ft., 14-knot ship) so that it 
becomes 


fore been modified by a further term 


r — Cactnal x “O06 100 Cy L x 1) 
a Crantare. | WhO y: Lo0d as v?)L 
ee f Cy L 1d: 
=" * 700d > 1+ V2) 


where f is derived from tables. 


It should be mentioned here that the deck 
factor thus evolved is intended to apply an 
upper limit to longitudinal stresses. At the 
same time the seantlings required by the Rules 
hitherto in force must be regarded, by virtue of 
other considerations, as minimum. Therefore, 
the deck area derived from Table 18 (after 
correction for proportions) is multiplied by the 
factor F, but only when the latter is greater 
than unity. 
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Discussion on Mr. P. D. Fraser-Smith’s and Mr. P. R. Salisbury’s Paper 


“THE INFLUENCE OF DESIGN ON LONGITUDINAL BENDING 
MOMENTS IN CARGO SHIPS’” 


Mr. WALKER 


Thanks are due to the Authors for their paper 
and we are indebted to them for the lucid manner 
in which they have dealt with their subject and, 
thus, have given us a realisation of the approach 
and back-room work applied to this question and 
which resulted in the recent additions to Table 18 
of the Society’s Rules. 


Figure 1 shows a + 15 per cent variation from 
the average total stress on post-war ships of the 
same length, but it would be interesting to know 
what is meant by the term “a standard loading 
condition”. For instance, does the figure indicate 
stress in loaded condition on departure or arrival 
and, on ships having deep tanks, were these con- 
sidered filled with cargo or empty? The reason 
for requesting this information is that, on a coal- 
burning ship, the difference between arrival and 
departure conditions would be much greater than 
in the case of oil-burners or motor ships, and if 
deep tanks were considered to be empty, this 
would cause considerable variation when com- 
pared with ship not having a deep tank. 


It is comforting to note that on a 400 feet ship 
the difference between the average total stress of 
the post-war and pre-war ship does not exceed 
about 8 per cent, whilst on a 450 feet ship the 
difference is narrowed to about 34 per cent. It is 
desired to suggest that neither of these differences 
is very great and it must be remembered that 
investigation would undoubtedly indicate con- 
siderable + variations from average total stress 
in the ease of pre-war ships of the same length. 


The Authors, it is considered, have chosen 
rather extreme cases to illustrate possible large 
differences in Still Water Bending Moments, see 
page 12, in that it would not appear probable, 
even allowing for an adjacent cross bunker of 
reasonable length, for a 400 feet ship of -72 C, 
to have a machinery space length of 72 feet, nor 
would it seem likely that a fast cargo liner of 


similar length would have a deep tank of 1080 
tons capacity, equal to about 11 per cent of her 
total load displacement, and even if she had a 
tank of that capacity it would not be empty 
during a loaded voyage. 


The Authors’ statement in the opening para- 
graph of their paper is undeniably true provided 
it is their intention to include “draught” in their 
coverall “size and proportions” and one cannot 
help but wonder if the same government, except 
in certain special eases or types, may not continue 
to be acceptable and satisfactory without classi- 
fication becoming involved in the distribution 
of the loading of cargo vessels beyond, perhaps, 
giving advice as offered to Owners in the 
Society’s Memorandum of 28th July, 1952. 


In this connection, it may be observed that a 
number of bulk eargoes are “deadweight” rather 
than “eubic” cargoes and permit greater 
concentration towards midships than in end 
holds—so reducing bending moments, inelud- 
ing reduction of effect of empty deep tanks. 
General cargoes or mixed cargoes permit of 
similar concentration towards midships, whilst 
in the carriage of grain eargoes it would be 
strange if deep tanks were not filled because, 
there, the Owner would not require to fit grain 
boards. Coal, in fact, would appear to be about 
the only one of the principal bulk cargoes which 
might tax the cubie capacity of a ship when the 
Charterer would wish to leave the deep tank 
empty. 


May it not be that we are making part of the 
approach we make today—and not without 
considerable theoretical backing, as is clearly 
shown by the Authors—in part, because of our 
difficulties in overcoming structural problems in 
the modern electrically welded or largely electri- 
cally welded ship, problems fully appreciated as 
is shown, in the Rules, in the paragraph “Special 
attention is to be paid to structural continuity. 


Abrupt changes of shape or section are to be 
avoided.” 


Now, from the first paragraph to the last in 
the paper. If, for certain characteristics, it is 
necessary to increase top-side material why should 
it not be permitted to use a reducing factor in 
ships which are well designed towards limiting 
structural stress, provided the Society’s minimum 
requirements for longitudinal modulus are met, 
as would seem sometimes possible on such ships 
where the strength deck is longitudinally framed. 


Finally, our thanks to the Authors and may it 
be that our young colleagues are not affeeted by 
their long labours with eccentricities but that they 
may enjoy continued interest and success in the 
work to which they have set themselves in the 
Society’s service. 


Mr. J. HODGSON 


It is perhaps necessary for me to intervene in 
the discussion to clarify any misunderstandings 
which might arise from what previous speakers 
have said. 


I have nothing to say on the paper, which is 
very lucid and well written, and I am sure will 
be of considerable assistance to any outport 
surveyors who require to discuss rules with the 
Society’s clients. 


Mr. Salisbury rather inferred that the ease of 
the Swedish ship in December, 1953, was the 
beginning of these investigations. That is true 
of the work described in the paper. That case 
was really the final piece of experience which 
indicated the necessity of implementing a prin- 
ciple which had been under consideration for some 
time. 


As Mr. Adams has indicated, the development 
of the modern fast cargo ship has been gradual. 
Hitherto, rule scantlings of all classification 
societies had been based on dimensions only, and 
found to give an adequate margin for contem- 
porary designs properly loaded. It became 
apparent a few years ago that this was no longer 
tenable, and it would be necessary to consider, 
either the increase in minimum rule seantlings for 
all ships, or provide a correction for modern high 
speed ships, in order that the same standard of 
strength might be maintained. The latter course 
was more economic, and the investigations 
described in the paper showed that this course 
was possible. 


The development of these formule was only 
possible by the previous work of Mr. Murray 
deseribed in his paper of 1947. The derivation 
of such approximate formule has obviated the 
necessity of having to investigate many individual 
new ships. It also has the important effect of 
making ship designers and naval architects look 
at their general arrangement designs from a 
longitudinal strength point of view. 


Regarding Mr. Walker’s remarks, I would 
emphasise that the rules are framed on the under- 
standing that ships will be properly loaded, and 
do not provide for any special distribution or 
injudicious concentration of loads; this is very 
clearly stated in the Classification Regulations. 


In determining rule scantlings, one must 
assume some standard condition of loading for 
comparative purposes. For the loaded condition 
it is assumed that the total amount of cargo will 
be distributed at the same rate of stowage through- 
out all eargo spaces, including deep tanks if 
intended for cargo. The Society cannot be 
responsible for how a ship is actually loaded. 


One further point: the present rules, as 
developed from these formule, do not, as yet, 
take account of empty deep tanks on loaded 
voyages. If, however, an Owner or Builder 
requests that the ship shall be strong enough to 
sail in the loaded condition with deep tanks 
empty, any additional scantlings required are 
indicated. 


I would like to add my thanks to the Authors 
for this important contribution to the Trans- 
actions of the Staff Association. 


Mr. J. TURNBULL 


The Authors deserve congratulations for the 
clarify of the presentation of the results of the 
mass of work they must have performed to 
produce the material for this paper. 


The importance of hogging moments in the 
modern eargo ship has quite rightly been 
emphasised, just as it was equally necessary in 
the earliest days of metal construction when ships 
had a fine midship section coefficient and 
machinery spaces were relatively long. 


There was a period approximately between 
1921 and 1938 when sagging in the ballast 
condition was the critical condition to be watched. 
Many ships suffered fractures in the deck on 


aecount of the compressive stresses induced by 
these excessive sagging moments. This was due 
largely to the fullness of form and to the 
concentrated weight of machinery, coal in ‘tween 
decks and in side bunkers and ballast tanks amid- 
ships. It was not uncommon to obtain a good 
ballast draught by fitting two deep ballast tanks, 
one forward and one aft of the machinery spaces. 


I reeall investigating the bending moments of 
five ships which had given trouble previously 
from this cause and in each ease the still water 
sagging stress at the deck was calculated to be of 
the order of 23 tons/sq.in. These were, of course, 
ships of riveted construction. This figure is much 
lower than that considered safe in the modern 
ship with the deck in tension and the reason for 
the difference is not easy to see. Sueh ships in 
the ballast condition are likely to have experienced 
severe slamming, adding to the compressive stress 
amidships and this factor may explain the 
difference. 


The Authors state that the effect of change of 
draught on eccentricity is negligible. Anyone 
who has studied this subject knows that bending 
moments do not vary directly as the draught, 
as is assumed in the Load Line formula. 
However, the formula has operated with reason- 
able suceess for many years and, as a legal 
standard, might well be left unaltered. However, 
it still remains that design and not draught alone 
is the important factor in assessing longitudinal 
bending moments. 


The practice of the British Corporation before 
the fusion was first of all to find the draught- 
length ratio. A draught of -05L was taken as a 
minimum for passenger ships and in the case of 
pure cargo ships the basie draught was taken as 
-06L; for tankers -07L. These hypothetical 
draughts were used as a general guide but were 
varied according to the particular character of 
the design which was always carefully examined 
before dealing with the seantlings. In_ this 
connection it should be noted that if the “Queen 
Mary” had been designed on a -05L draught 
there would have been no need for the designer 
to work to the lower design stress as was done. 


It appears that the Authors are advocating 
“U” lines. While it is agreed that the “U” lines 
assist in reducing the hogging bending moments, 
it has to be remembered that ships of “U” form 
are more prone to slamming damage than ships 
of “V” form and considerable additional stress 


can be induced in the deck as a result of heavy 
slamming. On the whole I favour the “V” form. 


In closing I should like to say that every ship 
surveyor ought to be fully conversant with the 
contents of this paper and by its presentation the 
Authors have admirably served the best interests 
of the Society. 


Mr. J. M. MURRAY 


This paper indicates very clearly the reasons 
underlying the 1954 alteration to the rules for 
deck areas, and shows that the “factor system” 
has a substantial theoretical basis. From Fig. 1 
it will be seen that the determination of 
longitudinal scantlings by means of a simple 
parameter may lead to fairly wide divergencies 
in the nominal stress sustained at sea by different 
designs of ships, and the reasons for this are 
made clear in examples given on page 12, 


This state of affairs could not be considered 
satisfactory, and the only equitable way of 
rectifying it was to take account of design 
features in determining the longitudinal strength. 
The methods adopted have proved to be very 
successful, and much credit is due to the Ship 
Research Department for the way in which the 
basie requirements for the factor method were 
elaborated to give the now familiar results. 


Fundamentally, the presentation of the rules 
in a relatively simple form was facilitated by the 
completely fortuitous fact that in general the still 
water stress is about half the total stress, and 
that the addition of a certain percentage area to 
the upper deck of a two-deck ship increases the 
I/y by half that amount. If these relations had 
not held, then additional complications would 
have been introduced. The speed term in the 
factor perhaps requires some attention. It is 
largely empirical, and is designed to increase the 
section modulus when the speed/length ratio 
exceeds -70. Observations at sea on the “Ocean 
Vulean” showed that in heavy weather dynamic 
effects cancelled out and that the statie caleula- 
tion will give mean stresses conforming to those 
sustained at sea, but the speed of this ship 
was moderate, and it was impossible to drive her 
in heavy weather. In the modern cargo ship with 
more powerful machinery this does not hold and 
such ships can be and are driven. It is reasonable 
to eonelude, therefore, that in these cireumstances 
dynamic effects become important and model 
experiments tend to show that when the speed/ 


length ratio in waves exceeds -70 stresses rise, 
which provides an additional justification for 
the correction adopted. It will be remarked from 
page 6 that, in making the investigations, 
moderately “U” form hull sections were adopted. 
In Scandinavia the tendency is towards the 
adoption of “V” sections and in U.S.A. towards 
rather extreme “U” sections. It is held, and 
there are model experimental results to support 
the view, that the use of “V” sections leads to 
damping of pitching in a seaway and the use of 
“U” sections improyes the propulsive efficieney 
of the ship. The compromise section adopted 
follows British practice and, as the paper shows, 
is acceptable from the point of view of the 
strength calculation. 


Finally, this writer is of the opinion that in 
the modern ship the system of determining 
longitudinal seantlings by means of a parameter 
has served its purpose and that, while minimum 
scantlings may be tabulated in this way, the 
system of relating scantlings to design features 
will extend in the future. 


Mr. H. J. ADAMS 


The Authors are to be congratulated not only 
on this instructive and well written paper but on 
the evolution of the formula now incorporated in 
the Rules. 


The formula is the result of months of work, 
most of which was carried out by the Authors, 
The basis. of it was the work done by Mr. J. M. 
Murray and published in the paper mentioned on 
page 6. 


’ The changes in design of ships which resulted 
in the need for a formula to estimate more closely 
the stress in particular eases came upon us 
gradually. Speeds of cargo ships increased 
gradually from 12 knots to 16 knots and then to 
19 knots; machinery weights became less due to 
more efficient prime movers; the long forecastle 
was rare ai first but became more popular. All 
these factors pointed in the same direction— 
increased stress. 


' The figures ‘given on page 12 are sufficiently 
startling to justify the introduction of some 
formula to differentiate between different eases. 
There was one actual case in which, by the intro- 
duetion of practically all possible bad features, 
the still water stress was over 6 tons per inch. 


One point which should be emphasised is the 
difficulty of obtaining accurate results. As in 
the full scale longitudinal strength caleulation 
any approximate method depends upon small 
differences of very large quantities and a small 
error in the difference can make a large error in 
the result. In a particular case, e.g., the cargo 
moment might be 1,500,000 ft. tons, the 
buoyaney moment 1,425,000 ft. tons, a difference 
of 75,000 ft. tons which is the bending moment 
on the hull. Thus an error of 1 per cent in either 
the cargo or buoyaney moment will result in an 
error of 20 per cent in the resultant bending 
moment and therefore in the stress. 


It is therefore a great compliment to the 
formula that, except in unusual eases which can 
be recognised, a stress error of only about 3 per 
‘cent is the margin, 


The work carried out in the investigation and 
the introduction of the formula has forced 
attention on the importance of good overall design 
to obtain low stresses: and has resulted in a 
considerable number of proposals’ for cargo 
vessels with machinery aft. This greatly improves 
the stress position. 


The focus on high stresses has also resulted in 
an increase in the number of vessels longitudinally 
framed at bottom and deck. This also is an 
excellent feature. 


Mr. J. B. DAVIES anp Mr. J. R. SARGINSON 


This paper gives an excellent summary of the 
reasons behind the recent amendments to the 
Rules as regards longitudinal strength of dry 
cargo ships and amplifies the figures as published 
in Table 18, 


The Authors indicate the great advantages 
obtained by having short machinery spaces 
located well aft of midships and this is heartily 
concurred in. It is considered, however, that more 
information could have been given by drawing 
curves for values of x/L greater than +14 in Fig. 
4 and -13 in Fig. 6. If the designer is to plan 
the general arrangement so that minimum stresses 
are. imposed on the ship in service, he should be 
given the maximum information to encourage 
him to obtain minimum “e” values, 


An extension of this is the ease of cargo ships 
having machinery aft when the designer must 
consider trim in the ballast condition. Immersion 


of the propeller and a reasonable trim can be 
obtained by using the aft peak for ballast and 
making the fore peak exceptionally large. The 
hogging moment so produced is very great and 
may be reduced by fitting a ballast tank amid- 
ships. Although Owners are generally agreeable 
to this in the case of larger ships when the deep 
tank ean be used for cargo, the same cannot be 
said of ships say 300 ft. in length or less when 
the tanks are generally too small to be used for 
eargo and in any ease are often below the mid- 
ship house. We would be pleased to have the 
Authors’ opinion on the desirability of requiring 
deep ballast tanks amidships in small cargo ships 
with machinery aft. 


Complications arise when extensive wing tanks 
are arranged immediately abaft the engine room, 
as is common practice in Sweden. If these are 
not fitted with a cargo hateh (i.e. intended for oil 
fuel, water ballast or cargo oil) then it is thought 
they should be considered as being empty in the 
standard condition. We should be glad to know 
whether Vig. 8 can be applied to wing tanks 
bearing in mind their shape compared to a mid- 
ship deep tank extending probably to the second 
deck. Further, a twin screw ship with tanks 
abreast and between the tunnels may carry a 
greater weight in these tanks (say vegetable oil) 
than a corresponding single serew ship with 
general cargo abreast the tunnel. It is our 
opinion that special consideration should always 
be given to twin serew ships to take into account 
the altered form at the aft end, varying arrange- 
ments of tanks, ete. 


Other factors affecting the longitudinal 
strength to a greater or less extent are the 
carriage of cargo abreast the casing, in a midship 
superstructure or trunked hatch and the carriage 
of deck cargoes. It is common practice in large 
Swedish cargo ships to reinforce the weather deck 
immediately abaft the forecastle for the earriage 
of deck cargo and although this may be considered 
as an extension of the forecastle, the density of 
the cargo is greatly inereased if it is wood pulp 
soaked with sea water. In this connection it 
would be of assistance if the Authors could state 
the degree of accuracy of the formula given on 
page 10 when z/L is large. 


All the above remarks only serve to emphasise 
the necessity for each voyage being considered 
individually as regards the cargo available. The 
only practical way to do this is to supply the ship 
with a mechanical “loading guide”. It may be 


of interest to know that one of the largest 
Scandinavian shipowners have not only supplied 
a slide rule type of instrument to their fleet but 
also have a duplicate in the Naval Architects 
department so that the loading of different 
parcels of cargo may be investigated. 


We have found that the weight of stores given 
by Builders and Owners varies very considerably 
and the Authors’ figures for “a standard weight 
of stores, crew and effects in the departure 
condition” would be of interest. 


The speed factor given in the Appendix is 
considered most necessary. With the very high 
powers now installed there is no doubt that ships 
can be seriously over-driven in heavy weather 
and such abuse of the structure is quite outside 
the Soeiety’s control. 


A point which is not mentioned in the paper 
is the hull centre of gravity which it is presumed 
has been derived from the Biles “coffin” diagram. 
While the amount of work involved precludes 
checking the accuracy of this as applied to the 
main hull, it is for consideration whether allow- 
ance should not be made for the size and position 
of the midship deckhouse. The modern tendency 
is to concentrate all accommodation in this. deck- 
house which, with the improved standard of 
accommodation, is becoming ever larger. Further, 
if the machinery is placed well away from. mid- 
ships the shift of the deckhouse can have an 
appreciable effect. on the hull centre of gravity. 


In conclusion we would like to say how helpful 
the information given in the paper is to those 
continually brought into contact with longitudinal 
strength problems. If any of our remarks appear 
critical we can only plead that they are the results 
of our experiences in this field. 


Mr. HARRISON 


This paper which will form a valuable addition 
to the Staff Association Transactions indicates the 
work carried out on the subject by the Authors. 
It is not often that the theoretical considerations 
influencing alterations to the Rules are recorded 
on such a permanent basis and in addition to the 
other merits of the paper I think the Authors 
should receive our appreciation on that score. 


The method given for determining bending 
moments for comparing shipsinasimilar standard 
condition, is a logi¢al development of -that by 
Mr. J. M. Murray which was published in. his 
1947 paper to the I.E.S. and on similar work 


carried on in the Ship Research Department from 
about that time. It represents a systematic 
investigation (another name for a great amount 
of work) into, and establishes a relationship 
between the various factors influencing longitu- 
dinal stresses in ships which were detailed in a 
paper by Mr. J. M. Murray read before a meeting 
of the Association in 1951. It may be that this 
development would have been delayed had it not 
been for one recent major casualty, the 
“Oklahoma” of which many of us are still only too 
aware! 

To this point my remarks have been limited 
to a brief outline of the stages and events which 
have culminated in the production of the paper, 
and it is the intention to confine remarks to the 
general aspects rather than to details which 
I have been able to discuss previously with the 
Authors, being associated with them in the Ship 
Research Department. 


A point which should, I think, be brought 
immediately to notice is that the paper would 
have been presented last session had it not been 
for printing difficulties caused by the re-arrange- 
ment of the Register Book. Since the paper was 
first written I have become more inclined to the 
view that the corrections to deck area given in 
the appendix, which are extremely sensitive and 
time wasting when carried out for every ship of 
the type, could at some stage in the future be 
simplified. The reason for this opinion is that if 
the question of deep tanks empty is excepted, few 
British Ships of the tramp type are being built 
in which the deck factor exceeds unity unless 
they have very obvious features like a long fore- 
castle, limited refrigeration or lengthy machinery 
spaces which would then warrant individual 
examination of such ships. It is also considered 
that the present spate of conversions from tankers 
to bulk carriers with their convenience in loading 
and unloading will do much to bring about a 
change in the midship position of machinery as 
we now know it in the tramp ship at the present 
time. 


To further the suggestion for simplified 
corrections even though these may be a little less 
accurate, I would draw attention to two con- 
flicting passages in the paper; the first on page 1 
relates to the desirability of some consistent 
standard of longitudinal strength for Classifica- 
tion Rules and the second which is in the closing 
paragraph which states that “seantlings required 
by the Rules hitherto in foree must be regarded, 


by virtue of other considerations, as minimum”. 
Apart from corrosion and local strength minima 
which hardly apply in the type of ship under 
consideration, it would be interesting to know 
whether an allowance for welding, detail design 
and methods of prefabrication or whether some 
function of the Load Line Standard is the 
criterion in the “other considerations”. Whichever 
is so, with the former a consistent standard of 
strength is out of the question and the paper 
itself discloses the shortcomings of the Load Line 
Standard on page 11 in the section on draught. 
The very empirical speed correction is an 
example of a simplified correction and the other 
corrections could perhaps be in the form of a 
percentage on a basis of length/. for forecastles, 
machinery spaces, ete. 


The Load Line Standard may now almost be 
considered obsolete due to its requirement for 
longitudinal strength being based on draught 
which is theoretically incorrect when taken on a 
total stress basis; and on account of the fact that 
no consideration is given to the size of panels 
influencing compressive stresses in deck or bottom 
plating. 


The method of determining longitudinal bend- 
ing moments given is quite straightforward 
provided the assumptions made are accepted and 
for the purpose of the investigation it can hardly 
be said that they are unreasonable. As previously 
mentioned the basis of the systematie investiga- 
tion is the method developed by Mr. J. M. Murray 
in his 1947 paper, which was evolved to give 
bending moments of approximately the same 
sense and magnitude as the classical method 
presented by W. John in 1874. It would be of 
interest if the Authors in their reply could give 
some indication of the divergence of the three 
methods, so that when comparing bending 
moments from each method one may know the 
limitations of such comparisons. 


Once again I do congratulate Mr. Fraser-Smith 
and Mr. Salisbury on the excellence of their 
paper. 


Mr. LAST 


The Authors are to be congratulated for giving 
us such a lucid explanation of the events leading 
up to and the theory behind the recent amend- 
ments to Table 18 of the Society’s Rules. 


Legislation to take account of variations in 
loading, due to special features in the design, is 


undoubtedly necessary but it seems to me that the 
method previously adopted—namely—a Bending 
Moment, caleulated in accordance with Mr. 
Murray’s notable paper, in association with a 
“Rule Stress”, is to be preferred to the present 
method, since all items making up the displace- 
ment, in any condition of the ship, are accounted 
for in their relative positions, whereas the present 
method makes a number of arbitrary assumptions 
which may not pertain in practice or which do 
not take account of such ameliorating features 
as large peak tanks or layout and method of using 
oil fuel and fresh water and variations in the 
quantity of oil fuel from that assumed for the 
standard ecase—i.e. sufficient for 10,000 miles. 


I would like the Authors to enlighten me on 
the following questions :— 


(a) Is it intended that the use of the deck 
factor should be limited to the range 
of sizes of ship indicated in the 
original memorandum to Owners dated 
28th July, 1952, namely, 400 feet to 
430 feet with separate consideration to 
vessels outside those limits? 


(b) What action is to be taken in the case 
of cargo ships with machinery aft and 
is it true to say that the ballast 
condition is usually the more onerous 


in such eases? 


= 


(c 


~~ 


What action, if any, is intended in the 
eases of existing ships, completed with- 
out any addition at the deck, to take 
account of the special design features 
indicated in the paper? 


In conclusion, my personal thanks are due to 
the Authors for their very interesting paper. 


Mr. T. MACDUFF 


The Authors have to be congratulated for this 
very fine paper, which I am sure has at times 
taxed both their ingenuity and patience to the 
full. 


In their investigation of the effect of draught 
on the eecentricity the Authors arrive at the same 
conclusion as did Mr. Murray in his 1947 paper 
to the I.E.S. That was, namely, that the limited 
variation of draught does not materially effect 
the still water bending moment. Their further 
remarks on the Load Line Modulus are rather 


inisleading and I feel that they may have lost 
sight of the fact that the Load Line Modulus can 
only be associated with the maximum geometric 
draught and not with any shallower draught. 


The application of this method to the deter- 
mination of additional deck area in Table 18 of 
the Rules demands that the accuracy of the 
method be to a very high degree. It appears to 
the writer that the Authors have sacrificed 
aceuracy by assuming a near equality between 
still water bending moment and wave bending 
moment. Further, their assertion that the Total 


A : iia: 

Stress varies with C,.L.e and qs hardly 
justified, when it is considered, (i) that the 
Authors have already claimed still water stress to 
be independent of draught, and (ii) it can be seen 
that the eccentricity “e” is in no way associated 
within the wave stress. 

It is, however, possible that the difficulties of 
proportionality might be partially diminished by 
the introduction of the wave bending moment in 


the form of a factor — e wave. 
bLeB 
By equating Wave Bending Moment s 


to the form = Le, 


. 70. L 
it follows that—e wave = (sore ) iss) 
a BF . 


70.b 
The an ‘ 
The term Los, 


nearly constant value and within the range 
(,(-60-—>-80), the % difference relative to the 
direct method of Mr, Murray is about ot. S96 
At C, =-70 the term 70.b 002135 Thus 
10°C, 


I : 
—— Bivayve = 002130 (;) approximately, and 


) approaches a very 


may be directly added to —e stin water to obtain 
— € total. 

When possible, it is the duty of any formula 
of this nature to be of such a form, that the effect 
of an inerease in one specifie Factor (e.g. 
increased cargo foreeastle space) is clearly 
apparent in the final result. Hence the case for 
composing this formula of directly additive terms 
such as an added € wave and, for that matter, 
added — e dynamic. 


Finally the conception of “eccentricity” js 
much admired. 


AUTHORS’ REPLY 


To Mr. WALKER 


The “standard loading condition” is explained 
in para. 2 of p.8 Deep tanks are assumed to be 
full of cargo, but a correction for the “deep tank 
empty” condition is given in Fig. 8. As Mr. 
Hodgson has said, the Rules are based on the 
standard loading condition, but, if the Owners 
intend that the deep tank may be empty in the 
loaded condition, the topside seantlings are 
increased as necessary. Mr. Hodgson has also 
dealt with the Society’s attitude to non-homo- 
geneous loading. | 


On the question of variations in stress, there is 
a greater variation from the average in post-war 
designs than in pre-war designs, due partly no 
doubt te greater specialization in trades, 


It is agreed that some of the difficulties and 
failures met with in practice can be attributed to 
structural discontinuities, but the bending moment 
problem must also be given its due importance. 
The reason that no reduction in seantlings is 
allowed below Rule minima is that these are 
framed on the Load Line strength, which is’ an 
international standard, and also that they are 
related to local strength, transverse strength and 
corrosion margins, all of whieh must be 
considered. 


To Mr. Hopveson 


Mr. Hodgson is thanked for his remarks and 
the Authors would join with him in emphasising 
again the fact that the systematic investigation 
described in the paper was only made possible by 
Mr. Murray’s previous work on the subject. 
Moreover, the conception of the deck factor itself, 
i.e. the application of the results of the systematic 
investigation, is also due to Mr. Murray. 


To Mr. TurnspuLn 


Mr. Turnbull’s remarks on the British Corpora- 
tion practice of basing seantlings on a 
hypothetical draught are interesting. If section 
modulus is directly proportional to draught, as 
in the Load Line formula, the still water stress in 
ships of similar arrangement is more or less 
constant, while the wave stress varies with length 
and block coefficient and inversely with draught. 
If, on the other hand, the seantlings are based on 


a hypothetical draught which is related to length 
and type of ship (i.e. block coefficient), then the 
still water stress varies with draught and inversely 
with length, while the wave stress remains 
virtually constant. The B.C. practice would 
therefore appear to be more logical than the Load 
Line formula, particularly if some account was 
also taken of general design features. 


On the question of the shape of hull sections, 
the Authors did not intend to imply any prefer- 
ence one way or the other, but only to indicate the 
effect of “V” form and “U” form on the bend- 
ing moment. As stated in the paper, the effects of 
differences in sectional form are generally offset 
to some extent by the effects of differences in end 
tank dimensions, so that longitudinal strength is 
not of prime importance in the choice of hull 
form. On the other hand, a more uniform wake 
distribution, with its obvious propulsive advan- 
tages, is obtained with a “U” form after-body, 
while model experiments earried out since the 
introduction of turbulence stimulation have 
reversed previous opinions on the advantages of 
a “V” form entrance from the resistance point of 
view. 

“V” form admittedly contributes to a dry ship 
and, as Mr. Murray has said, may give better 
damping of pitching, but the latter quality and 
also any tendency to slam are both bound up 
with relative wave length and other features. 
Exaggerated “U” form gives a flat bottom for- 
ward and is therefore liable to slamming of the 
type associated with emergence of the fore-foot 
but, provided the rise of floor forward is sufficient, 
the Authors would not agree that a normal “U” 
form hull is necessarily more liable to slam than 
a “V” form‘hull. In fact, the converse may be the 
case under certain sea conditions, particularly 
with regard to the type of slamming associated 
with pure heaving. 


To Mr. Murray 


The Authors’ indebtedness to Mr. Murray for 
his leadership and encouragement in these 
investigations has already been recorded. His 
contribution is therefore especially weleomed and 
his remarks on the formulation of the deck factor 
make a valuable addition to the paper. 


To Mr. ADAMS 


The sensitivity of the problem under investiga- 
fion has been well brought out by Mr. Adams. 
The development of the formula was handicapped 
because of this and a large number of check 
calculations on actual ships were made in order 
to verify its accuracy. Nevertheless, if the 
example taken departs to any great extent 
from the assumptions outlined in the paper, the 
error in bending moment can be large. For this 
reason the method given should not be employed 
for unusual types of ship. 


To Messrs. Davies AND SARGINSON 


The views of Messrs. Davies and Sarginson 
are welcomed since they are concerned with 
Swedish designs, which are probably affected by 
the recent amendments to a greater extent than 
other ships. 

No values for eccentricity have been given for 
values of x/L greater than -14 for the reason 
that the basie assumptions on which the investiga- 
tions were based and the corrections from 
departures from the “standard” become in- 
accurate when the machinery space is so far aft. 
Furthermore, from the aspect of the present Rule 
deck factor, there would be no point in extending 
the tables in this direction, since the resulting 
factor would probably be inapplicable (less than 
unity) in all cases. 


Certainly the designer should be encouraged to 
obtain a minimum eccentricity, but it is no simple 
matter to derive a method whereby both loaded 
and ballast conditions are taken into account. 
Obviously, there is some point in the scale of 
x/L where the hogging moment in the loaded 
condition ceases to be of importance (and may 
even become negative) and where the ballast 
condition becomes the governing condition; this 
point, however, depends on several other features 
of design, some of which have not so far been 
considered in these investigations. 


In the ease of ships having the machinery aft, 
the ballast condition is the eriterion and the 
matter is being investigated at the present time. 
The Authors consider, however, that a midship 
deep tank is desirable in all cases and generally 
necessary for reasonable stresses unless scantlings 
are considerably increased beyond normal Rule 
requirements. 


Fig. 8 cannot be applied to wing tanks but the 
effect of these may be estimated by using the 


capacity and the appropriate “centre” in the 
formula given on page 10 for forecastles and 
poops. In this ease, the quantity 5 e will be a 
reduction in eccentricity. 

It is agreed that special consideration should 
be given to twin screw ships, since there can be 
large variations in the arrangement of the tank 
spaces. In most eases, the formula gives a reason- 
ably accurate result if some attempt is made to 
correet for departures from the basie assumed 
design. 


The formula for foreeastles and poops referred 
to above is intended for use when z/L is large 
and is applicable to’ the ease when eargo is 
carried on the fore deck. The casing sides reduce 
the hogging moment when filled and, since such 
spaces are not often stowed to capacity, if at all, 
they are assumed to be empty in the standard 
condition. 


The Authors agree that the provision of some 
type of mechanical loading indicator would be a 
wise precaution in all ships. 


The weight of stores, crew and effects used in 
the calculations was 50 tons on departure in a 
400 ft. ship, this figure being assumed to be 
reduced by a third on arrival. 


To Mr. Harrison 


It is true that the number of ships affected by 


the deck factor formula is small, and that 
possibly ships having obvious _ stress-raising 


features could be examined individually by direct 
ealeulation. This method would mean _ that 
Builders and Owners would not know in advance 
what scantlings would be required. The idea of 
published rules is that the method of determining 
scantlings may be known to all interested parties, 
and the true effect of stress-raising features is 
then apparent to them. The influence of the 
presence of the deek factor formula in the rules 
is already being seen in the inereased proportion 
of machinery aft cargo ships. 


Mr. Harrison’s question on minimum seantlings 
has been dealt with already in reply to Mr. 
Walker. 


The accuracy of the method deseribed in the 
paper depends upon the close agreement of the 
assumptions made with the ship in question. 
In other words if the lines, lightweight, disposi- 
tion of fuel and stores, and positions of peak 


bulkheads are as assumed for the basis ship, then 
agreement is 100 per cent. The relationship 
between Mr. Murray’s method and the classical 
method is also very close, and examples of 
comparisons are given in Table IV of the 
appendix to his I.E.S. paper. 


To Mr. Last 


Whilst it is true that the Murray method takes 
into account more variables than the deck factor, 
it is felt that considering the possible variations in 
fuel, stores, ete., during the actual voyages of a 
ship, the simplification is justified. Enquiries 
regarding actual fuel normally carried led to the 
standard condition referred to on page 8. 


The deck factor formula is applicable to all 
ships up to about 500 ft. in length. In the smaller 
ships it automatically becomes ineffective when 
deck seantlings become controlled by minimum 
thicknesses rather than by rule areas. The 
question of machinery aft ships has _ been 
previously referred to in the reply to Messrs. 
Davies and Sarginson, and that regarding exist- 
ing ships in Mr. Adams 1954/5 Paper. 


To Mr. Macpurr 


The Load Line Standard of strength is usually 
calculated on the basis of the actual draught 
assigned, although it may have been originally 
intended that it should be based on the maxi- 
mum geometric draught. 


It is not in fact assumed that in every case 
the S.W. stress is equal to half the total stress, 
although the brief outline of the theory given in 
the Appendix might give this impression. It 
would perhaps have been less misleading to say 
that in the case when the total stress is the maxi- 
mum permissible for the size and speed in 
question, the still water stress is assumed to be 
approximately half the total stress. This is 
almost exactly the case, except where the speed- 
length ratio is exceptionally high or low (obvi- 
ously speed does not affeet the S.W. stress but 


10 - 


does influence the maximum permissible total 
stress). It is possible to correct any inaccuracy 
due to such a discrepancy, but the loss of 
accuracy is not regarded as sufficient to justify 
further complication of the formula. 


The statement that total stress varies inversely 
with draught was likewise not intended to be 
treated mathematically. In fact, by virtue of the 
normal Rule relationship between I/y and 
draught, only the wave component of the stress 


varies directly with ; but this nevertheless 
means that the total stress inereases as the load 
draught decreases. The inclusion of draught in 


the deck factor formula is an attempt to correct 
the latter variation. 


In a similar way, although eccentricity does 
not affect the wave stress, it clearly affects the 
S.W. stress and hence the total stress varies 


(though not directly) with e 
bL 
d 
bL > 
where a 8 the wave stress term 


Now for hogging b = 30 C, x 107° and it 
can be shown that the critical stress is expressed 


e 80 x 1078 Sige 
by C = an and within the 
be 70 djL 

necessary limits of accuracy € critical = € standard 


(& ti) as given in the Appendix to the paper. 


Cye 


7 + 


L® 
Thus total stress = " ( 


aa 


C, “06 

The Authors agree that a complete separation 
of the still water and wave components of the 
deck factor would lend itself to greater accuracy, 
but at the time of draughting the formula it was 
considered that the number of terms in the 
calculation should be kept to a minimum. Some 
degree of accuracy may have therefore been 
sacrificed by simplification, but experience has 
not indicated the need for any complication, 
such as that suggested. 
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Discussion on Mr. P. D. Fraser-Smith’s and Mr. P. R. Salisbury’s Paper 


“THE INFLUENCE OF DESIGN ON LONGITUDINAL BENDING 
MOMENTS IN CARGO SHIPS’” 


Mr. WALKER 


Thanks are due to the Authors for their paper 
and we are indebted to them for the lucid manner 
in which they have dealt with their subject and, 
thus, have given us a realisation of the approach 
and back-room work applied to this question and 
which resulted in the recent additions to Table 18 
of the Society’s Rules. 


Figure 1 shows a + 15 per cent variation from 
the average total stress on post-war ships of the 
same length, but it would be interesting to know 
what is meant by the term “a standard loading 
condition”. For instance, does the figure indicate 
stress in loaded condition on departure or arrival 
and, on ships having deep tanks, were these con- 
sidered filled with cargo or empty? The reason 
for requesting this information is that, on a coal- 
burning ship, the difference between arrival and 
departure conditions would be much greater than 
in the case of oil-burners or motor ships, and if 
deep tanks were considered to be empty, this 
would cause considerable variation when com- 
pared with ship not having a deep tank. 


It is comforting to note that on a 400 feet ship 
the difference between the average total stress of 
the post-war and pre-war ship does not exceed 
about 8 per cent, whilst on a 450 feet ship the 
difference is narrowed to about 3% per cent. It is 
desired to suggest that neither of these differences 
is very great and it must be remembered that 
investigation would undoubtedly indicate con- 
siderable + variations from average total stress 
in the ease of pre-war ships of the same length. 


The Authors, it is considered, have chosen 
rather extreme cases to illustrate possible large 
differences in Still Water Bending Moments, see 
page 12, in that it would not appear probable, 
even allowing for an adjacent cross bunker of 
reasonable length, for a 400 feet ship of :72 C, 
to have a machinery space length of 72 feet, nor 
would it seem likely that a fast cargo liner of 


similar length would have a deep tank of 1080 
tons capacity, equal to about 11 per cent of her 
total load displacement, and even if she had a 
tank of that capacity it would not be empty 
during a loaded voyage, 


The Authors’ statement in the opening para- 
graph of their paper is undeniably true provided 
it is their intention to inelude “draught” in their 
coverall “size and proportions” and one cannot 
help but wonder if the same government, except 
in certain special cases or types, may not continue 
to be acceptable and satisfactory without classi- 
fication becoming involved in the distribution 
of the loading of cargo vessels beyond, perhaps, 
giving advice as offered to Owners in the 
Society’s Memorandum of 28th July, 1952. 


In this connection, it may be observed that a 
number of bulk cargoes are “deadweight” rather 
than ‘“eubie’ cargoes and permit greater 
concentration towards midships than in end 
holds—so reducing bending moments, inelud- 
ing reduction of effeet of empty deep tanks. 
General cargoes or mixed cargoes permit of 
similar concentration towards midships, whilst 
in the carriage of grain cargoes it would be 
strange if deep tanks were not filled because, 
there, the Owner would not require to fit grain 
boards. Coal, in fact, would appear to be about 
the only one of the principal bulk cargoes which 
might tax the eubie eapacity of a ship when the 
Charterer would wish to leave the deep tank 
empty. 


May it not be that we are making part of the 
approach we make today—and not without 
considerable theoretical backing, as is clearly 
shown by the Authors—in part, because of our 
difficulties in overcoming structural problems in 
the modern electrically welded or largely electri- 
cally welded ship, problems fully appreciated as 
is shown, in the Rules, in the paragraph “Special 
attention is to be paid to structural continuity. 


Abrupt changes of shape or section are to be 
avoided.” 


Now, from the first paragraph to the last in 
the paper. If, for certain characteristics, it is 
necessary to increase top-side material why should 
it not be permitted to use a reducing factor in 
ships which are well designed towards limiting 
structural stress, provided the Society’s minimum 
requirements for longitudinal modulus are met, 
as would seem sometimes possible on such ships 
where the strength deck is longitudinally framed. 


Finally, our thanks to the Authors and may it 
be that our young colleagues are not affected by 
their long labours with eccentricities but that they 
may enjoy continued interest and success in the 
work to which they have set themselves in the 
Society’s service. 


Mr. J. HODGSON 


It is perhaps necessary for me to intervene in 
the discussion to clarify any misunderstandings 
which might arise from what previous speakers 
have said. 


I have nothing to say on the paper, which is 
very lucid and well written, and I am sure will 
be of considerable assistance to any outport 
surveyors who require to discuss rules with the 
Society’s clients. 


Mr. Salisbury rather inferred that the case of 
the Swedish ship in December, 1953, was the 
beginning of these investigations. That is true 
of the work described in the paper. That case 
was really the final piece of experience which 
indicated the necessity of implementing a prin- 
ciple which had been under consideration for some 
time. 


As Mr. Adams has indicated, the development 
of the modern fast cargo ship has been gradual. 
Hitherto, rule scantlings of all classification 
societies had been based on dimensions only, and 
found to give an adequate margin for contem- 
porary designs properly loaded. It became 
apparent a few years ago that this was no longer 
tenable, and it would be necessary to consider, 
either the increase in minimum rule seantlings for 
all ships, or provide a correction for modern high 
speed ships, in order that the same standard of 
strength might be maintained. The latter course 
was more economic, and the investigations 
deseribed in the paper showed that this course 
was possible. 


The development of these formule was only 
possible by the previous work of Mr. Murray 
described in his paper of 1947. The derivation 
of such approximate formule has obviated the 
necessity of having to investigate many individual 
new ships. It also has the important effect of 
making ship designers and naval architects look 
at their general arrangement designs from a 
longitudinal strength point of view. 


Regarding Mr. Walker’s remarks, I would 
emphasise that the rules are framed on the under- 
standing that ships will be properly loaded, and 
do not provide for any special distribution or 
injudicious concentration of loads; this is very 
clearly stated in the Classification Regulations. 


In determining rule seantlings, one must 
assume some standard condition of loading for 
comparative purposes. For the loaded condition 
it is assumed that the total amount of cargo will 
be distributed at the same rate of stowage through- 
out all cargo spaces, including deep tanks if 
intended for cargo. The Society eannot be 
responsible for how a ship is actually loaded. 


One further point: the present rules, as 
developed from these formule, do not, as yet, 
take account of empty deep tanks on loaded 
voyages. If, however, an Owner or Builder 
requests that the ship shall be strong enough to 
sail in the loaded condition with deep tanks 
empty, any additional scantlings required are 
indicated. 


I would like to add my thanks to the Authors 
fer this important contribution to the Trans- 
actions of the Staff Association. 


Mr. J. TURNBULL 


The Authors deserve congratulations for the 
clarify of the presentation of the results of the 
mass of work they must have performed to 
produce the material for this paper. 


The importance of hogging moments in the 
modern cargo ship has quite rightly been 
emphasised, just as it was equally necessary in 
the earliest days of metal construction when ships 
had a fine midship section coefficient and 
machinery spaces were relatively long. 


There was a period approximately between 
1921 and 1938 when sagging in the ballast 
condition was the critical condition to be watched. 
Many ships suffered fractures in the deck on 


account of the compressive stresses induced by 
these excessive sagging moments. This was due 
largely to the fullness of form and to the 
concentrated weight of machinery, coal in ’tween 
decks and in side bunkers and ballast tanks amid- 
ships. It was not uncommon to obtain a good 
ballast draught by fitting two deep ballast tanks, 
one forward and one aft of the machinery spaces. 


I recall investigating the bending moments of 
five ships which had given trouble previously 
from this cause and in each ease the still water 
sagging stress at the deck was calculated to be of 
the order of 24 tons/sq.in. These were, of course, 
ships of riveted construction. This figure is much 
lower than that considered safe in the modern 
ship with the deck in tension and the reason for 
the difference is not easy to see. Such ships in 
the ballast condition are likely to have experienced 
severe slamming, adding to the compressive stress 
amidships and this factor may explain the 
difference. 


The Authors state that the effect of change of 
draught on eccentricity is negligible. Anyone 
who has studied this subject knows that bending 
moments do not vary directly as the draught, 
as is assumed in the Load Line formula. 
However, the formula has operated with reason- 
able suecess for many years and, as a legal 
standard, might well be left unaltered. However, 
it still remains that design and not draught alone 
is the important factor in assessing longitudinal 
bending moments. 


The practice of the British Corporation before 
the fusion was first of all to find the draught- 
length ratio. A draught of :05L was taken as a 
minimum for passenger ships and in the case of 
pure eargo ships the basie draught was taken as 
-06L; for tankers -07L. These hypothetical 
draughts were used as a general guide but were 
varied according to the particular character of 
the design which was always carefully examined 
before dealing with the seantlings. In this 
connection it should be noted that if the “Queen 
Mary” had been designed on a -05L draught 
there would have been no need for the designer 
to work to the lower design stress as was done. 


It appears that the Authors are advocating 
“U” lines. While it is agreed that the “U” lines 
assist in reducing the hogging bending moments, 
it has to be remembered that ships of “U” form 
are more prone to slamming damage than ships 
of “V” form and considerable additional stress 


a) 


can be induced in the deck as a result of heavy 
slamming. On the whole I favour the “V” form. 


In closing I should like to say that every ship 
surveyor ought to be fully conversant with the 
contents of this paper and by its presentation the 
Authors have admirably served the best interests 
of the Society. 


Mr. J. M. MURRAY 


This paper indicates very clearly the reasons 
underlying the 1954 alteration to the rules for 
deck areas, and shows that the “factor system” 
has a substantial theoretical basis. From Fig. 1 
it will be seen that the determination of 
longitudinal scantlings by means of a simple 
parameter may lead to fairly wide divergencies 
in the nominal stress sustained at sea by different 
designs of ships, and the reasons for this are 
made clear in examples given on page 12. 


This state of affairs could not be considered 
satisfactory, and the only equitable way of 
rectifying it was to take account of design 
features in determining the longitudinal strength. 
The methods adopted have proved to be very 
successful, and much credit is due to the Ship 
Research Department for the way in which the 
basic requirements for the factor method were 
elaborated to give the now familiar results. 


Fundamentally, the presentation of the rules 
in a relatively simple form was facilitated by the 
completely fortuitous faet that in general the still 
water stress is about half the total stress, and 
that the addition of a certain percentage area to 
the upper deck of a two-deck ship increases the 
I/y by half that amount. If these relations had 
not held, then additional complications would 
have been introduced. The speed term in the 
factor perhaps requires some attention. It is 
largely empirical, and is designed to increase the 
section modulus when the speed/length ratio 
exceeds 70. Observations at sea on the “Ocean 
Vulean” showed that in heavy weather dynamic 
effects cancelled out and that the statie caleula- 
tion will give mean stresses conforming to those 
sustained at sea, but the speed of this ship 
was moderate, and it was impossible to drive her 
in heavy weather. In the modern eargo ship with 
more powerful machinery this does not hold and 
such ships ean be and are driven. It is reasonable 
to conclude, therefore, that in these cireumstances 
dynamie effects become important and model 
experiments tend to show that when the speed/ 


length ratio in waves exceeds -70 stresses rise, 
which provides an additional justification for 
the correction adopted. It will be remarked from 
page 6 that, in making the investigations, 
moderately “U” form hull sections were adopted. 
In Seandinavia the tendeney is towards the 
adoption of “V” sections and in U.S.A. towards 
rather extreme “U” sections. It. is held, and 
there are model experimental results to support 
the view, that the use of “V” sections leads to 
damping of pitching in a Seaway and the use of 
“U” sections improves the propulsive efficiency 
of the ship. The compromise section adopted 
follows British practice and, as the paper shows, 
is acceptable from the point of view of the 
strength calculation. 


Finally, this writer is of the opinion that in 
the modern ship the system of determining 
longitudinal seantlings by means of a parameter 
has served its purpose and that, while minimum 
scantlings may be tabulated in this way, the 
system of relating seantlings to design features 
will extend in the future. 


Mr. H. J. ADAMS 


The Authors are to be congratulated not only 
on this instructive and well written paper but on 
the evolution of the formula now incorporated in 


the Rules. 


- The formula is the result of months of work, 
most of which was carried out by the Authors. 
The basis of it was the work done by Mr. J. M. 
Murray and published in the paper mentioned on 
page 6, 


The changes in design of ships which resulted 
in the need for a formula to estimate more closely 
the stress in particular cases came upon us 
gradually: Speeds of cargo ships increased 
gradually from 12 knots to 16 knots and then to 
19 knots; machinery weights became less due to 
more efficient prime movers; the long forecastle 
was rare at first but became more popular. All 
these factors pointed in the same direction— 
increased stress. 


’ The figures ‘given on page 12 are sufficiently 
startling to justify the introduction of some 
formula to differentiate between different cases. 
There was one actual case in which, by the intro- 
duetion of practically all possible bad features, 
the still water stress was over 6 tons per inch. 


One point which should be emphasised is the 
difficulty of obtaining accurate results. As in 
the full seale longitudinal strength ealeulation 
any approximate method depends upon small 
differences of very large quantities and a small 
error in the difference can make a large error in 
the result. In a particular case, e.g., the cargo 
moment might be 1,500,000 ft. tons, the 
buoyaney moment 1,425,000 ft. tons, a difference 
of 75,000 ft. tons which is the bending moment 
on the hull. Thus an error of 1 per cent in either 
the cargo or buoyancy moment will result in an 
error of 20 per cent in the resultant bending 
moment and therefore in the stress. 


It is therefore a great compliment to the 
formula that, except in unusual eases which ean 
be recognised, a stress error of only about 3 per 
‘cent is the margin, 


The work carried out in the investigation and 
the introduction of the formula has forced 
attention on the importance of good overall design 
to obtain low stresses- and has resulted in a 
considerable number ‘of proposals’ for cargo 
vessels with machinery aft. This greatly improves 
the stress position. 


The foeus on high stresses has also resulted in 
an increase in the number of vessels longitudinally 
framed at bottom and deck, (This also is an 
excellent feature. 


Mr. J. B. DAVIES anp Mr. J. R. SARGINSON 


This paper gives an excellent summary of the 
reasons behind the recent amendments to the 
Rules as regards longitudinal strength of dry 
cargo ships and amplifies the figures as published 
in Table 18, 


The Authors indicate the great advantages 
obtained by having short machinery spaces 
located well aft of midships and this is heartily 
concurred in. It is considered, however, that more 
information could have been given by drawing 
curves for values of x/L greater than -14 in Fig. 
4 and -13 in Fig. 6. If the designer is to plan 
the general arrangement so that minimum stresses 
are. imposed on the ship in service, he should be 
given the maximum information to encourage 
him to obtain minimum “e” values. 


An extension of this is the case of cargo ships 
having machinery aft when the designer must 
consider trim in the ballast condition. Immersion 


of the propeller and a reasonable trim can be 
obtained by using the aft peak for ballast and 
making the fore peak exceptionally large. The 
hogging moment so produced is very great and 
may be reduced by fitting a ballast tank amid- 
ships. Although Owners are generally agreeable 
to this in the ease of larger ships when the deep 
tank can be used for cargo, the same cannot be 
said of ships say 300 ft. in length or less when 
the tanks are generally too small to be used for 
cargo and in any ease are often below the mid- 
ship house. We would be pleased to have the 
Authors’ opinion on the desirability of requiring 
deep ballast tanks amidships in small cargo ships 
with machinery aft. 


Complications arise when extensive wing tanks 
are arranged immediately abaft the engine room, 
as is common practice in Sweden. If these are 
not fitted with a eargo hatch (i.e. intended for oil 
fuel, water ballast or cargo oil) then it is thought 
they should be considered as being empty in the 
standard condition. We should be glad to know 
whether Fig. 8 can be applied to wing tanks 
bearing in mind their shape compared to a mid- 
ship deep tank extending probably to the second 
deck. Iurther, a twin screw ship with tanks 
abreast and between the tunnels may carry a 
greater weight in these tanks (say vegetable oil) 
than a corresponding single screw ship with 
general cargo abreast the tunnel. It is our 
opinion that special consideration should always 
be given to twin serew ships to take into account 
the altered form at the aft end, varying arrange- 
ments of tanks, ete. 


Other factors affecting’ the longitudinal 
strength to a greater or less extent are the 
carriage of cargo abreast the casing, in a midship 
superstructure or trunked hatch and the carriage 
of deck cargoes. It is common practice in large 
Swedish cargo ships to reinforce the weather deck 
immediately abaft the foreeastle for the earriage 
of deck cargo and although this may be considered 
as an extension of the forecastle, the density of 
the cargo is greatly inereased if it is wood pulp 
soaked with sea water. In this connection it 
would be of assistance if the Authors could state 
the degree of accuracy of the formula given on 
page 10 when z/L is large. 


All the above remarks only serve to emphasise 
the necessity for each voyage being considered 
individually as regards the cargo available. The 
only practical way to do this is to supply the ship 
with a mechanical “loading guide”. It may be 


of interest to know that one of the largest 
Seandinavian shipowners have not only supplied 
a slide rule type of instrument to their fleet but 
also have a duplicate in the Naval Architects 
department so that the loading of different 
parcels of cargo may be investigated. 


We have found that the weight of stores given 
by Builders and Owners varies very considerably 
and the Authors’ figures for “a standard weight 
of stores, erew and effects in the departure 
condition” would be of interest. 


The speed factor given in the Appendix is 
considered most necessary. With the very high 
powers now installed there is no doubt that ships 
can be seriously over-driven in heavy weather 
and such abuse of the structure is quite outside 
the Society’s control. 


A point which is not mentioned in the papei 
is the hull centre of gravity which it is presumed 
has been derived from the Biles “coffin” diagram. 
While the amount of work involved precludes 
checking the aecuraey of this as applied to the 
main hull, it is for consideration whether allow- 
ance should not be made for the size and position 
of the midship deckhouse. The modern tendency 
is to concentrate all accommodation in this deck- 
house which, with the improved standard of 
accommodation, is becoming ever larger. Further, 
if the machinery is placed well away from mid- 
ships the shift of the deckhouse can have an 
appreciable effect. on the hull centre of gravity. 


In conclusion we would like to say how helpful 
the information given in the paper is to those 
continually brought into contact with longitudinal 
strength problems. If any of our remarks appear 
critical we ean only plead that they are the results 
of our experiences in this field. 


Mr. HARRISON 


This paper which will form a valuable addition 
to the Staff Association Transactions indicates the 
work carried out on the subject by the Authors. 
It is not often that the theoretical considerations 
influencing alterations to the Rules are recorded 
on such a permanent basis and in addition to the 
other merits of the paper I think the Authors 
should receive our appreciation on that seore. 


The method given for determining bending 
moments for comparing shipsinasimilar standard 
condition, is a logical development of -that by 
Mr. J. M. Murray which was published in his 
1947 paper to the I.E.S. and on similar work 


earried on in the Ship Research Department from 
about that time. It represents a systematic 
investigation (another name for a great amount 
of work) into, and establishes a relationship 
between the various factors influencing longitu- 
dinal stresses in ships which were detailed in a 
paper by Mr. J. M. Murray read before a meeting 
of the Association in 1951. It may be that this 
development would have been delayed had it not 
been for one recent major casualty, the 
“Oklahoma” of which many of us are still only too 
aware! 


To this point my remarks have been limited 
to a brief outline of the stages and events which 
have culminated in the production of the paper, 
and it is the intention to confine remarks to the 
general aspects rather than to details which 
I have been able to discuss previously with the 
Authors, being associated with them in the Ship 
Research Department. 


A point which should, I think, be brought 
immediately to notice is that the paper would 
have been presented last session had it not been 
for printing difficulties caused by the re-arrange- 
ment of the Register Book. Since the paper was 
first written I have become more inclined to the 
view that the corrections to deck area given in 
the appendix, which are extremely sensitive and 
time wasting when earried out for every ship of 
the type, could at some stage in the future be 
simplified. The reason for this opinion is that if 
the question of deep tanks empty is excepted, few 
British Ships of the tramp type are being built 
in which the deck factor exceeds unity unless 
they have very obvious features like a long fore- 
castle, limited refrigeration or lengthy machinery 
spaces which would then warrant individual 
examination of such ships. It is also considered 
that the present spate of conversions from tankers 
to bulk carriers with their convenience in loading 
and unloading will do much to bring about a 
change in the midship position of machinery as 
we now know it in the tramp ship at the present 
time. 


To further the suggestion for simplified 
corrections even though these may be a little less 
accurate, I would draw attention to two con- 
flicting passages in the paper; the first on page 1 
relates to the desirability of some consistent 
standard of longitudinal strength for Classifica- 
tion Rules and the second which is in the closing 
paragraph which states that “scantlings required 
by the Rules hitherto in foree must be regarded, 


by virtue of other considerations, as minimum”. 
Apart from corrosion and local strength minima 
which hardly apply in the type of ship under 
consideration, it would be interesting to know 
whether an allowance for welding, detail design 
and methods of prefabrication or whether some 
function of the Load Line Standard is the 
criterion in the “other considerations”. Whichever 
is so, with the former a consistent standard of 
strength is out of the question and the paper 
itself discloses the shortcomings of the Load Line 
Standard on page 11 in the section on draught. 
The very empirical speed correction is an 
example of a simplified correction and the other 
corrections could perhaps be in the form of a 
percentage on a basis of length/. for forecastles, 
machinery spaces, ete. 


The Load Line Standard may now almost be 
considered obsolete due to its requirement for 
longitudinal strength being based on draught 
which is theoretically incorrect when taken on a 
total stress basis; and on account of the fact that 
no consideration is given to the size of panels 
influencing compressive stresses in deck or bottom 
plating. 


The method of determining longitudinal bend- 
ing moments given is quite straightforward 
provided the assumptions made are accepted and 
for the purpose of the investigation it can hardly 
be said that they are unreasonable. As previously 
mentioned the basis of the systematic investiga- 
tion is the method developed by Mr. J. M. Murray 
in his 1947 paper, which was evolved to give 
bending moments of approximately the same 
sense and magnitude as the classical method 
presented by W. John in 1874. It would be of 
interest if the Authors in their reply could give 
some indication of the divergence of the three 
methods, so that when comparing bending 
moments from each method one may know the 
limitations of such comparisons. 


Once again I do congratulate Mr. Fraser-Smith 
and Mr. Salisbury on the excellence of their 
paper. 


Mr. LAST 


The Authors are to be congratulated for giving 
us such a lucid explanation of the events leading 
up to and the theory behind the recent amend- 
ments to Table 18 of the Society’s Rules. 


Legislation to take account of variations in 
loading, due to special features in the design, is 


undoubtedly necessary but it seems to me that the 
method previously adopted—namely—a Bending 
Moment, calculated in accordance with Mr. 
Murray’s notable paper, in association with a 
“Rule Stress”, is to be preferred to the present 
method, since all items making up the displace- 
ment, in any condition of the ship, are accounted 
for in their relative positions, whereas the present 
method makes a number of arbitrary assumptions 
which may not pertain in practice or which do 
not take account of such ameliorating features 
as large peak tanks or layout and method of using 
oil fuel and fresh water and variations in the 
quantity of oil fuel from that assumed for the 
standard ease—i.e. sufficient for 10,000 miles. 


I would like the Authors to enlighten me on 
the following questions :— 


(a) Is it intended that the use of the deck 
factor should be limited to the range 
of sizes of ship indicated in the 
original memorandum to Owners dated 
28th July, 1952, namely, 400 feet to 
430 feet with separate consideration to 
vessels outside those limits? 


What action is to be taken in the case 
of eargo ships with machinery aft and 
is it true to say that the ballast 
condition is usually the more onerous 
in such eases? 


= 
S 
= 


c) 
— 


What action, if any, is intended in the 
cases of existing ships, completed with- 
out any addition at the deck, to take 
account of the special design features 
indieated in the paper? 


In conclusion, my personal thanks are due to 
the Authors for their very interesting paper. 


Mr. T. MACDUFF 


The Authors have to be congratulated for this 
very fine paper, which I am sure has at times 
taxed both their ingenuity and patience to the 
full. 


In their investigation of the effect of draught 
on the eecentricity the Authors arrive at the same 
conclusion as did Mr. Murray in his 1947 paper 
to the I.E.S. That was, namely, that the limited 
variation of draught does not materially effect 
the still water bending moment. Their further 
remarks on the Load Line Modulus are rather 


inisleading and I feel that they may have lost 
sight of the fact that the Load Line Modulus ean 
only be associated with the maximum geometric 
draught and not with any shallower draught. 


The application of this method to the deter- 
mination of additional deck area in Table 18 of 
the Rules demands that the accuracy of the 
method be to a very high degree. It appears to 
the writer that the Authors have sacrificed 
accuracy by assuming a near equality between 
still water bending moment and wave bending 
moment. Further, their assertion that the Total 


‘ : ty 
Stress varies with (C,.L.e and is hardl 
d J 


justified, when it is considered, (i) that the 
Authors have already claimed still water stress to 
be independent of draught, and (ii) it ean be seen 
that the eccentricity “e” is in no way associated 
within the wave stress. 


It is, however, possible that the difficulties of 
proportionality might be partially diminished by 
the introduction of the wave bending moment in 


the form of a factor — e wave. 
bL?B 


By equating Wave Bending Moment 08 


to the form A Le, 


7 L 
it follows that—e wave = (sore ) () 


70.b 

The term = 
ie 10°C, 
nearly constant value and within the range 
C,(-60—>-80), the % difference relative to the 


direct method of Mr. Murray is about + 3%. 


At C, =-70 the term at = -002135 Thus 
~ b 


) approaches a very 


L : 
— wave = -002135 bs) approximately, and 


may be directly added to —e tin water to obtain 
— € total. 

When possible, it is the duty of any formula 
of this nature to be of such a form, that the effect 
of an inerease in one specific Factor (e.g. 
increased cargo foreeastle space) is clearly 
apparent in the final result. Hence the case for 
composing this formula of directly additive terms 
such as an added — e waye and, for that matter, 
added — e dynamic. 


Finally the conception of “eccentricity” is 
much admired. 


AUTHORS’ REPLY 


To Mr. WALKER 


The “standard loading condition” is explained 
in para. 2 of p.8 Deep tanks are assumed to be 
full of cargo, but a correction for the “deep tank 
empty” condition is given in Fig. 8. As Mr. 
Hodgson has said, the Rules are based on the 
standard loading condition, but, if the Owners 
intend that the deep tank may be empty in the 
loaded condition, the topside seantlings are 
increased as necessary. Mr. Hodgson has also 
dealt with the Society’s attitude to non-homo- 
geneous loading. 


On the question of variations in stress, there is 
a greater variation from the average in post-war 
designs than in pre-war designs, due partly no 
doubt to greater specialization in trades. 


It is agreed that some of the difficulties and 
’ failures met with in practice can be attributed to 
structural discontinuities, but the bending moment 
problem must also be given its due importance. 
The reason that no reduction in scantlings is 
allowed below Rule minima is that these are 
framed on the Load Line strength, which is an 
international standard, and also that they are 
related to local strength, transverse strength and 
corrosion margins, all of which must be 
considered. 


To Mr. Hopeson 


Mr. Hodgson is thanked for his remarks and 
the Authors would join with him in emphasising 
again the fact that the systematic investigation 
described in the paper was only made possible by 
Mr. Murray’s previous work on the subject. 
Moreover, the conception of the deck factor itself, 
i.e. the application of the results of the systematic 
investigation, is also due to Mr. Murray. 


To Mr. TurNBULL 


Mr. Turnbull’s remarks on the British Corpora- 
tion practice of basing scantlings on a 
hypothetical draught are interesting. If section 
modulus is directly proportional to draught, as 
in the Load Line formula, the still water stress in 
ships of similar arrangement is more or less 
constant, while the wave stress varies with length 
and block coefficient and inversely with draught. 
If, on the other hand, the seantlings are based on 


a hypothetical draught which is related to length 
and type of ship (i.e. block coefficient), then the 
still water stress varies with draught and inversely 
with length, while the wave stress remains 
virtually constant. The B.C. practice would 
therefore appear to be more logical than the Load 
Line formula, particularly if some account was 
also taken of general design features. 


On the question of the shape of hull sections, 
the Authors did not intend to imply any prefer- 
ence one way or the other, but only to indicate the 
effect of “V” form and “U” form on the bend- 
ing moment. As stated in the paper, the effects of 
differences in sectional form are generally offset 
to some extent by the effects of differences in end 
tank dimensions, so that longitudinal strength is 
not of prime importance in the choice of hull 
form. On the other hand, a more uniform wake 
distribution, with its obvious propulsive advan- 
tages, is obtained with a “U” form after-body, 
while model experiments earried out since the 
introduction of turbulence stimulation have 
reversed previous opinions on the advantages of 
a “V” form entrance from the resistance point of 
view. 


“Vv” form admittedly contributes to a dry ship 
and, as Mr. Murray has said, may give better 
damping of pitching, but the latter quality and 
also any tendency to slam are both bound up 
with relative wave length and other features. 
Exaggerated “U” form gives a flat bottom for- 
ward and is therefore liable to slamming of the 
type associated with emergence of the fore-foot 
but, provided the rise of floor forward is sufficient, 
the Authors would not agree that a normal “U” 
form hull is necessarily more liable to slam than 
a “V” form‘hull. In fact, the converse may be the 
case under certain sea conditions, particularly 
with regard to the type of slamming associated 
with pure heaving. 


To Mr. Murray 


The Authors’ indebtedness to Mr. Murray for 
his leadership and encouragement in these 
investigations has already been recorded. His 
contribution is therefore especially welcomed and 
his remarks on the formulation of the deck factor 
make a valuable addition to the paper. 


To Mr. ApAms 


The sensitivity of the problem under investiga- 
fion has been well brought out by Mr. Adams. 
The development of the formula was handicapped 
because of this and a large number of check 
calculations om actual ships were made in order 
to verify its accuracy. Nevertheless, if the 
example taken departs to any great extent 
from the assumptions outlined in the paper, the 
error in bending moment ean be large. For this 
reason the method given should not be employed 
for unusual types of ship. 


To Messrs. Davies AND SArGINSON 


The views of Messrs. Davies and Sarginson 
are welcomed since they are concerned with 
Swedish designs, which are probably affeeted by 
the recent amendments to a greater extent than 
other ships. 

No values for eccentricity have been given for 
values of x/L greater than -14 for the reason 
that the basic assumptions on which the investiga- 
tions were based and the corrections from 
departures from the “standard” become in- 
accurate when the machinery space is so far aft. 
Furthermore, from the aspect of the present Rule 
deck factor, there would be no point in extending 
the tables in this direction, since the resulting 
factor would probably be inapplicable (less than 
unity) in all cases. 


Certainly the designer should be encouraged to 
obtain a minimum eccentricity, but it is no simple 
matter to derive a method whereby both loaded 
and ballast conditions are taken into account. 
Obviously, there is some point in the scale of 
x/L where the hogging moment in the loaded 
condition ceases to be of importance (and may 
even become negative) and where the ballast 
condition becomes the governing condition; this 
point, however, depends on several other features 
of design, some of which have not so far been 
considered in these investigations. 


In the ease of ships having the machinery aft, 
the ballast condition is the eriterion and the 
matter is being investigated at the present time. 
The Authors consider, however, that a midship 
deep tank is desirable in all cases and generally 
necessary for reasonable stresses unless seantlings 
are considerably increased beyond normal Rule 
requirements. 


Fig. 8 cannot be applied to wing tanks but the 
effect of these may be estimated by using the 


capacity and the appropriate “centre” in the 
formula given on page 10 for forecastles and 
poops. In this case, the quantity 5 e will be a 
reduction in eccentricity, 

It is agreed that special consideration should 
be given to twin serew ships, since there ean be 
large variations in the arrangement of the tank 
spaces. In most eases, the formula gives a reason- 
ably accurate result if some attempt is made to 
correct for departures from the basie assumed 
design. 


The formula for foreeastles and poops referred 
to above is intended for use when 4/L is large 
and is applicable to’ the ease when cargo is 
carried on the fore deck. The casing sides reduce 
the hogging moment when filled and, since such 
Spaces are not often stowed to capacity, if at all, 
they are assumed to be empty in the standard 
condition, 


The Authors agree that the provision of some 
type of mechanical loading indicator would be a 
wise precaution in all ships. 


The weight of stores, crew and effects used in 
the calculations was 50 tons on departure in a 
400 ft. ship, this figure being assumed to be 
reduced by a third on arrival. 


To Mr. Harrison 


It is true that the number of ships affeeted by 
the deck factor formula is small, and that 
possibly ships having obvious stress-raising 
features could be examined individually by direct 
calculation. This method would mean that 
Builders and Owners would not know in advance 
What seantlings would be required. The idea of 
published rules is that the method of determining 
scantlings may be known to all interested parties, 
and the true effect of stress-raising features is 
then apparent to them. The influence of the 
presence of the deck factor formula in the rules 
is already being seen in the increased proportion 
of machinery aft cargo ships. 


Mr. Harrison’s question on minimum scantlings 
has been dealt with already in reply to Mr. 
Walker. 


The accuracy of the method described in the 
paper depends upon the close agreement of the 
assumptions made with the ship in question. 
In other words if the lines, lightweight, disposi- 
tion of fuel and stores, and positions of peak 


bulkheads are as assumed for the basis ship, then 
agreement is 100 per cent. The relationship 
between Mr. Murray’s method and the classical 
method is also very close, and examples of 
comparisons are given in Table IV of the 
appendix to his I.E.S. paper. 


To Mr. Last 


Whilst it is true that the Murray method takes 
into account more variables than the deck factor, 
it is felt that considering the possible variations in 
fuel, stores, eic., during the actual voyages of a 
ship, the simplification is justified. Enquiries 
regarding actual fuel normally carried led to the 
standard condition referred to on page 8. 


The deck factor formula is applicable to all 
ships up to about 500/ft. in length. In the smaller 
ships it automatically becomes ineffective when 
deck seantlings become controlled by minimum 
thicknesses rather than by rule areas. The 
question of machinery aft ships has been 
previously referred to in the reply to Messrs. 
Davies and Sarginson, and that regarding exist- 
ing ships in Mr. Adams 1954/5 Paper. 


To Mr. Macpurr 


The Load Line Standard of strength is usually 
calculated on the basis of the actual draught 
assigned, although it may have been originally 
intended that it should be based on the maxi- 
mum geometric draught. 


It is not in fact assumed that in every case 
the S.W. stress is equal to half the total stress, 
although the brief outline of the theory given in 
the Appendix might give this impression. It 
would perhaps have been less misleading to say 
that in the case when the total stress is the maxi- 
mum permissible for the size and speed in 
question, the still water stress is assumed to be 
approximately half the total stress. This is 
almost exactly the case, except where the speed- 
length ratio is exceptionally high or low (obvi- 
ously speed does not affect the S.W. stress but 


10 - 


does influence the maximum permissible total 
stress). It is possible to correct any inaccuracy 
due to such a discrepancy, but the loss of 
accuracy is not regarded as sufficient to justify 
further complication of the formula. 


The statement that total stress varies inversely 
with draught was likewise not intended to be 
treated mathematically. In fact, by virtue of the 
normal Rule relationship between I/y and 
draught, only the wave component of the stress 
varies directly with ; but this nevertheless 

Cc 
means that the total stress increases as the load 
draught decreases. The inclusion of draught in 
the deck factor formula is an attempt to correct 
the latter variation. 


In a similar way, although eccentricity does 
not affect the wave stress, it clearly affects the 
S.W. stress and hence the total stress varies 
(though not directly) with e 

+m) 
d 


where ra is the wave stress term 


Now for hogging b = 30 C, x 107° and it 
can be shown that the critical stress is expressed 


‘ e 30 xol0r ity ; 
by C, (% djl ) and within the 


necessary limits of accuracy € critical = € standard 


70 b . * i 
é af ) as given in the Appendix to the paper, 


Cye 


L® 
Thus total stress = ¢ 
Pp 70 


+ 


CG, 06 

The Authors agree that a complete separation 
of the still water and wave components of the 
deck factor would lend itself to greater accuracy, 
but at the time of draughting the formula it was 
considered that the number of terms in the 
calculation should be kept to a minimum. Some 
degree of accuracy may have therefore been 
sacrificed by simplification, but experience has 
not indicated the need for any complication, 
such as that suggested. 
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SHAFTING CALCULATIONS 


by 


W. BLACKLOCK 


SCOPE OF THE PAPER 
This paper follows on from the similar 
paper read in the 1953-54 session and 
completes the description of the work carried 
out in the Engine Plans Department of Head 
Office by dealing with steam reciprocating, 
steam turbine and oil engine shafting. 


MATERIALS 

It should be noted that the Rules for 
shafting are based on mild steel having 
a U.T.S. of 28-32 tons/in.2 which is almost 
universally used for main engine crankshafts, 
intermediate and serew shafting. For steel 
having a higher U.T.S. a reduction in diameter 
is permissible, the calculated Rule size being 
multiplied by what is known as a steel factor. 
This steel factor may be based either on the 
U.T.S. or Y.P. of the material and is readily 
obtained from the graph in Fig. 1. 

For mild steels the Y.P. is usually taken as 
half the value of the U.T.S. but with alloy steels 
it is amuch higher proportion of the U.T.S. and 
a greater reduction is possible by using the 
steel factor based on Y.P. It is considered, how- 
ever, that the steel factor for shafting should be 
limited to 0°95 and 0°85 based on U.T.S. and 
Y.P. respectively. For the scantlings of 
crankwebs which are derived from the erank- 
shaft diameter, the steel factor is limited to 
0-9 and 0°85 based on U.T.S. and Y.P. 
respectively. 

In general, high tensile steel is only used 
for crankshafts of high speed oil engines and 
for reduction gearing for the sake of surface 
hardness to resist wear. 


Cast Iron Crankshafts 

Crankshafts made from special quality cast 
iron have been in use for some time, mostly for 
auxiliary oil engines, and these are acceptable 
provided the grade of east iron, which is usually 
a proprietory make, has been approved and 
produced by an Approved Foundry. 


The diameter of a cast iron crankshaft is 
based on the Rule diameter for a forged steel 
crankshaft multiplied by a factor 1.1. This 
has been derived by allowing an equivalent 
bending stress of 5500 Ib./in.2 instead of 
7300 lb./in.2 for steel erankshafts since the 
U.T.S. of the cast iron is somewhat less than 


that of steel 
2 On, 
5500 


Latest developments have resulted in the use 
of spheroidal graphite cast iron and a recent 
series of tests gave the following results after 
heat treatment :— 


Minimum U.T.S.=44°5 tons/in.? 

Minimum Y.P.=31°7 tons/in.? 

The bending fatigue value for 107 reversals 
was +17°8 tons/in.2 which exceeds the figure 


of +149 tons/in.2 for forged steel given in 
Dr. Dorey’s paper on “Strength of Marine 


i.e. 


Engine Shafting’” read before the N.E.C. 
Institution in 1939. 
These results indicate that favourable 


consideration could be given to the size of a 
crankshaft made from this special cast iron 
being made equal to the Rule size for a steel 
shaft. 


Cast Steel Crankshafts 

Proposals have recently been put forward 
for the manufacture of cast steel crank- 
shafts and such erankshafts are acceptable 
provided :— 


(1) The mechanical properties of the cast- 
ings are equal to the requirements of the 
Rules for forged steel shafts of similar 
tensile strength. 


(2) The steel castings are made at an 
Approved Works experienced in the 
production of large and complicated 
castings. In this connection the foundry 


XP Tons/in® 
U.TS Tons/in? 


to 


o9 


STEEL FACTOR 


0-85 


procedure should be such as will ensure 
the production of sound castings with 
consistency having mechanical properties 
as stated above. 


(3) Special care be taken in the heat treat- 
ment of the castings. 


Subject to the foregoing conditions being 
complied with and satisfactory results of 
mechanical tests being obtained from a proto- 
type shaft subsequently cut up for examination, 
acceptance would be given to the use of east 
steel erankshatts having dimensions similar to 
those required by the Rules for forged steel 
crankshafts of the same tensile strength. 


Cast Steel Crankwebs 

Fully-built crankshafts are sometimes made 
with cast steel erankwebs shrunk on to forged 
steel pins and journals; some Firms, however, 
favour a semi-built crankshaft using cast steel 
for the combined pin and erankwebs. The 
mechanical tests required to be carried out are 
the same as those for cast steel crankwebs 
except that the sum of the U.T.S. and percent- 
age elongation should be not less than 57 and 
the bend test piece should be bent through 
150°. 


The seantlings are the same as those required 
for forged steel webs. 


Bronze Screwshafts 

For small ships and yachts it is usual to fit 
screwshafts of bronze. These shafts should not 
be made by the extrusion process but may be 
forged by hammer, press or when in straight 
lengths by rolling mill as in the ease of steel 
or wrought iron shafts. 


The mechanical properties should be the same 
as for steel forgings, the diameter being not 
less than that caleulated for a_ steel shatt 
without a continuous liner. 


Stainless Steel Screwshafts 


These are also sometimes used for small 
ships and yachts and are made and _ tested 
under the same conditions as for bronze screw- 
shafts. 


B 


TORSIONAL VIBRATION 
Before discussing the sizes of  shafting 
required by the Rules it should be clearly 
understood that no account has been taken of 
abnormal stresses such as may arise from 
torsional or axial vibration and caleulations of 
the torsional vibration characteristics must be 

considered in the following cases :— 


Main Propelling Machinery 
(1) Steam reciprocating engines having cyl- 
inders of equal diameter and other types 
where experience indicates that serious 
critical speeds might oecur within or 
near the range of working speeds. 


(2) Turbine engines situated aft. 


(3) Heavy oil engines except in ships classed 
for smooth water service having engines 
less than 100 B.H.P. 


Auxiliary Machinery 
(1) Heavy oil engines of 150 B.H.P. or 
100 kW. and over driving auxiliary 
machinery for essential services. 

These calculations are outside the scope of 
the Engine Plans Department, being dealt with 
by the Torsional Department, and for informa- 
tion reference should be made to Mr. Archer’s 
paper “Torsional Vibration from the Practical 
Viewpoint” read before the Staff Association 
in the 1951-52 session. 


STEAM RECIPROCATING ENGINES 


History 

In 1920 the British Marine Engineering 
Design and Construction Committee, on which 
both Lloyd’s Register and British Corporation 
were represented, had already formulated Rules 
for boilers and it was decided that a similar 
unification of Rules for shafting could be 
adopted. 

The various Rules and Regulations in force 
at that time were carefully considered and 
investigations were also extended to the design 
of engine parts which had hitherto been left to 
the discretion of individual engine builders. 

The Rules proposed by this Committee were 
taken as a basis for the Society’s present Rules 
which were adopted in 1924 although it was 


considered that several of the proposals were 
not required for Classification purposes and, 
in addition, the coefficients for shafting sizes 
were slightly modified. 


The only change which has subsequently 
taken place is the recent reduction of BWA 
allowed in the diameter of intermediate 
shafting provided the torsional vibration 
characteristics are approved. 


Intermediate Shaft 

The shafting calculations are based on the 
maximum T.M. produced by the total power 
being developed in a single L.P. cylinder. The 
referred mean pressure is determined by 
Macfarlane Gray’s approximation of the mean 
pressure acting on the piston throughout the 


stroke, i.e. 
1-3 
F (sa :) 


where P=Boiler pressure (absolute) lb/in2. 


r= Ratio of expansion. 


Strictly speaking the back pressure should 
be subtracted but this pressure is very small in 
condensing engines and since the working 
pressure (gauge) is used in the final formula 
the referred mean pressure can be taken as 


13 
a tres 


for the purpose of finding the T.M. 


The cut-off in the H.P. cylinder is assumed 
to be 0°6 and whilst it is agreed that in many 
engines the design of valve gear is such that 
a later cut-off may be obtained, it is not likely, 
in view of the influence of cut-off on economy, 
that use would be made of this facet. Accord- 
ingly, neglecting clearance, the ratio of 
expansion becomes :— 

Volume of L.P. eylinder 
Volume ot H.P. cylinder up to point of cut-off 
D2 
~O-GH? 


Referred Mean Pressure = 


2-6 
Ww. p(oane sD* +1) = W.P ( D? +2) 
O-GH? > H* 


Mean Load on L.P. Piston 
2° 
= "De x W. p( D* +2) 
H2 
Work done per revolution 
(S=Stroke) 


Mean T.M. 


This is the mean T.M. irrespective of the 
number and angular displacement of cranks. 
Let “m 

Maximum T.M. 
Mean T.M. 
-, Maximum T.M. 
D* xS x WP 
= oe : meee za) x 065m. 


By means of the fundamental formula :— 
Stress = T.M. 
Modulus of Section 


D?xS x WP 
ee 2) x 065M 


u 


H2 t 7 


+, Diameter of shaft “da” 


“| 33m 
or 2 \ oo 
eG (a 2) * Stress 


H2 att 
Considering the Rule coefficient “C” :— 
l 33M 
C ~ Stress 
Stress 
“C= 3.3m 


Youngson in his “Slide Valves and Valve 


states that a torsional shear stress 
of 9000 Ib/in.? has been adopted and by using 


values of “m” which may be found by T.M. 


Gearing” 


diagrams the Rule “C” values shown in the 
table have been evaluated. 
Type Ya 5p? | 

| 2eranks @ 90 143 1900 | 
| 2 cranks @ 180 2°01 1350 

3 cranks @ 120 1:262 2150 
! cranks balanced 1°262 2150. 
| £ cranks @ 90 1°29 2100 


This may be confirmed by the fact that the 
m” value of 1-262 for 3 cranks @ 120° is 
precisely that found by Dr. Milton from the 
analysis of actual indieator diagrams taken on 
the trial trips of 17 different triple expansion 
engines. From these results the stresses in the 
were caleulated on the assumption 
shafts were made precisely to Rule 
by taking an average, the maximum 
shear stress in the intermediate 
shafting was found to be 5930 lb/in.?, although 
it should be pointed out that this stress is based 


on I.H.P. and not S.H.P. 


“ 


shafting 
that the 
size and, 
torsional 


The particulars of these engines were given 
in a paper in 1911 by Dr. Milton, the Chief 
Engineer Surveyor of Lloyd’s Register at that 
time, and the calculations were based on the 
Society’s Rules in force at that time. However 
if the calculations are based on the present 
Rules, which slight 
diameter, the stress in the 
shafting becomes 6110 1b/in.2. 


allow a reduction in 


intermediate 


This is considerably less than 9000 lb/in.? 
Which may be accounted for by the fact that 
this stress is associated with a hypothetical 
approximation which over-estimates the actual 
referred mean pressure. Further examination 
of the particulars of these 17 engines reveals 
that the average theoretical and actual referred 
mean pressures are 50 Ib/in.? and 33-9 lb/in.2 


b2 


respectively, so that the actual stress becomes 


20. 
fis 


) 2 
9000 x =6110 lb.fin.? 


oO 

Alternatively, it may be considered that the 
diagram factor of the hypothetical ecard from 
which the Macfarlane Gray formula has been 


33°9 


derived is = = 0°678 which agrees closely 
7) 


with accepted values. 


It is of interest at this stage to make a 
comparison between the sizes of intermediate 
shafting required for a triple expansion engine 
and a turbine each having the same power 
particulars. 

The mean torsional shear stress in the triple 
expansion engine intermediate shafting will be 

6110 


1°262 


= 4840 lb/in.*. 


3 
Accordingly d = 4-045 / = 


Allowing the usual proportion between 
S.H.P. and LH.P. viz., 0-9, this is equivalent 


to :— 
3/S HP 
aio NE R 


Double Compound Steam Engines 

Engines of this type have.two H.P. and two 
L.P. cylinders driving four cranks (@ 90° and 
since they usually operate with an earlier cut-off 


than triple expansion engines the modified 
formula for the diameter of intermediate 


shafting’ is :— 


ha See 2) OK. WP 
A/ 2100("2 ae 
KOPP Dae 


“KK” is the normal fractional cut-off in the H.P. 
cylinders in service which should be definitely 
stated when plans are submitted for approval. 


Crankshaft 


In order to compensate for additional 
stresses the crankshaft is made 5 per cent. 


larger in diameter than the intermediate shaft. 


In a single cylinder steam engine the T.M. 
effect is the same as that produced by two 
2 


cranks @ 180° and since H? = 1 


the crankshaft diameter is calculated from 


_ 3f/ D2 x § x WP 
A =, 105 n/ 1350 x 3 


The dimeusions of crankwebs of solid forged 
and built-up shafts are the same as_ those 
required for heavy oil engines and are dealt 
with on page 8. 


Shafting Details 

The remaining details of shafting are based 
on the Rule diameter of the intermediate shaft 
and are dealt with in the notes on heavy oi! 
engines. 


In this connection it should be noted that 
although the Rule diameters of oil engine and 
turbine intermediate shafting were reduced by 
5 per cent. in 1952, the sizes of thrust, tube, 
screw and gearwheel shafts remain unaltered, 
necessitating a corresponding inerease of 5% 
on the usual proportions of steam reciprocating 
engine shafting. 


STEAM TURBINES AND ELECTRIC 
PROPELLING MOTORS 
History 


When the sizes of intermediate shafting 
driven by steam turbine engines were first 
introduced in 1915 it was known that the maxi- 
mum results obtained on trial and in service 
often greatly exceeded those assumed in the 
original design and it was thought desirable 
that the basis of the Rule should be deter- 
minable by considerations which could be fixed 
before -the construction commenced, and not 
upon those which could only be ascertained 
after completion. One instance was the 9000 
S.H.P. actually obtained in a ship in which 
the estimated power was only 6500, an increase 
of nearly 40 per cent. 


There are several factors which have to be 
taken into account, such as steam pressure, 
area of the annulus which admits the steam 
into the turbine, the number of rows of blades, 


area of annulus at exhaust and the relation of 
clearance allowed to the length of blades, but 
all these can be duly allowed for if the 
necessary data, obtained by actual experience, 
is available. 


It appears, however, that the various makers 
were not prepared to disclose the data obtained 
from their experiences and the Rule was based 
on a low stress under conditions of uniform 


; 8,/ S:FR 
torque, i.e. d = 4°12 A R 


By 1921 the conditions of steam turbine 
design were such that the power obtained in 
service was capable of being predicted within 
much closer limits than formerly and the allow- 
able stress was increased to 5,000 Ib/in.2. 


The present Rule size is based on a uniform 
torsional shear stress of 5850 lb/in.? i.e. 


oe 2 = EP 
sass ft 


Wheel Shafts of Geared Steam Turbines 

The sizes of these shafts are increased in 
way of the journals and hub attachment 
depending on the number and angular displace- 
ment of the pinions. 


Shafting Details 

The remaining details of shafting are based 
on the Rule diameter of the intermediate shaft 
and are dealt with in the notes on heavy oil 
engines. 


Steam Reciprocating Engines combined with 
Exhaust Steam Turbines 
For Bauer-Wach installations it is necessary 
to make two calculations for the diameter of 
the intermediate shaft :— 


(1) As for a steam reciprocating engine 
without turbine. 
(2) As for a turbine developing the total 
power. 
The diameter derived from (2) is multiplied 
by 1:05 and compared to that of (1). 


The greater of the two values is then adopted These high “IK” values have been acceptable on 


as the Rule diameter and the remainder of the the basis of material specification and gear 

shafting caleulated in accordance with the finish, but in some cases with the proviso of 

Rules for steam reciprocating engines. special examination in the early life of the 
gears. 


Taking a mechanical efficiency of 90 per cent 
for the reciprocating engine and allowing a loss 
of 5 per cent. through the reduction gearing and 
hydraulic coupling of the turbine, the maximum (a) No Centre Bearing. 
combined S.H.P. at the intermediate shaft 


Primary Pinions 


becomes :— 
[0-OxLH.P. of reciprocating engine] + 
[0-95xS.H.P. at the turbine shaft | 


The caleulations for a typical Bauer-Waci 
installation are given in Appendix I. 


Ss PSY 


REDUCTION GEARING FOR MAIN 
PROPELLING & AUXILIARY MACHINERY 


A detailed description of gearing is beyond 
the scope of this paper and indeed beyond the ‘ Fic. 2 
scope of the Author. The Rules for reduction 
gearing were first introduced in 1946 and the 
load-carrying capacity is based on tooth surface 
stress derived from the Hertz formula :— 


Considering the B.M. and T.M. on the pinion 
shaft, “F” is the load on the teeth and “L” is 
the distance from centre of bearing to centre 
Buntieanttann wicca ime: of of nearest pinion as shown in Fig. 2 


V Ra 


SEP x 126,000 


where P=Load per in. Fe = eden Me 
R,=Relative radius of curvature at point 
of contact. BM = : = is 
— R ’ 
ar May ™ = Ex 


Where “r” is the pitch circle radius 
and “R” the gear ratio. 


Equivalent TM 


The P.C.D. of the pinion instead of the jencenapumenenen Sa = 
radius is used and the term under the square + a/ BM? +7 M2=5 a/ Lita? 
root sign is known as the “K” factor so i 
that :— Dia. of shaft required for torsion only 
3 /SEP 
K= P R ate ! = 3:8 
d\ R R 
ie P=Kxdx a R Dia. of shaft required for torsion and bending 
an + 1 2A ee EE 
Aa He Ss 3 / Equivalent TM 
Since the “K” factor governs the overall size = 35 oe aera NA eee 
of a gear unit recent designs indicate a trend ———— 
towards values of “IX” in excess of Rule Lain o/s ¥ af obi ®): 
requirements, particularly on the Continent. R q 


(b) With Centre Bearing. 


Fia. 3 


BM = 


EMiseh ee 


— /BMETM?_F cz 
is ef a Nea 


Dia. of shaft req uired for torsion and bending 


= 3:8 3 SFP 3 / EquivalentTM 
Rae TA tice 


— sg 3/SEP 3 /(L? + 4a?) 
zu aa 2d 


HEAVY OIL ENGINES 


Derivation of Formule 
Crankshafts 

For an investigation into the sizes of erank- 
shafts for heavy oil engines it is necessary to 
go back to 1911 when Dr, Milton proposed a 
method of determining the size of a crankshaft 
in his paper “Diesel Engines for Sea-Going 
Vessels” referred to earlier, from- which the 
Rule formula prior to 1951 was derived. The 
following notes outline the general procedure 
and the caleulations involved for a given engine 
are described in detail in Appendix IT. 


It has been seen that steam engine crank- 
shafts have been designed from a point of view 
of torsion only but with heavy oil engines, 
owing to the higher working pressures, it is 
also necessary to consider bending as well as 


torsion. Thus the crankshaft is subjected to 
a bending moment and a torsion moment which, 
when acting simultaneously, produce a com- 


bined stress. 
If the torsion moment only were considered 
then a general rule for the diameter of a erank- 


YD? S and 


likewise considering bending moment only 


shaft could be proportional to 


% 

Voie 3 Sa 
However, as both moments must be taken into 
account a suitable rule may be derived from 


d= " D* x (AS + BL) where “A” and“B” are 


coefficients depending on the relative magni- 
tudes of the torsion and bending moments. 
In the case of 4 S.C.SA engines it was found 
sufficiently accurate to use the values of “A” 
and “B” for 2 S.C.SA engines having half 
the number of cylinders. 


It should be noted that the present Rule 
formula 
aa ae 


10,000 


is of the same form and was derived from 
experience with the previous “A” and “B” 
coefficients and, in general, results in a slight 
reduction in crankshaft diameter. 


There are a number of. theories concerning 
the failure of a material under the action of a 
combined stress but it was decided that the 
most applicable to a ductile material such as 
steel used for crankshafts was the maximum 
principal strain theory in which the stress is 
due to an equivalent bending moment (Me) 
given by :— 


Me=0°35BM +0°65./BM2+ TM? 


where BM=Bending Moment. 


TM=Torsion Moment. 


By means of the fundamental formula :— 


: Me 
bee a Modulus of Seetion 


the diameter of crankshaft may be calculated. 


Accordingly there are four distinct values to 
be determined, the torsion moment, the bending 
moment, the equivalent bending moment and a 
safe working stress. 


1. The Torsion Moment 


The maximum T.M. in a crankshaft is not 
necessarily that in the aftermost journal 
despite the fact that the whole of the power is 
transmitted at this point, but generally oceurs 
at some journal within the crankshaft which 
can only be determined by ealeulating the T.M. 
throughout the engine and the procedure 
adopted is as follows. 

The pressures acting on the piston are tab- 
wated from a standard indicator diagram, for 
a given M.I.P. and maximum pressure, for 
equal intervals of erank angle over the whole 
eyele. However, these pressures do not 
represent those acting on the erankpin, which 
is really what is required, owing to the effeet of 
deadweight and inertia. 

Deadweight is the weight of the piston, 
piston rod, crosshead and one-third of the 
connecting rod which all acts in addition to the 
pressure on the downstroke but has to be 
lifted during the upstroke. 

Inertia represents the behaviour of the 
reciprocating mass. At the beginning of the 
up or downstroke this mass has to be set in 
motion and accelerated until it attains its maxi- 
mum velocity at about the middle of the 
stroke, then it has to be retarded until it is 
momentarily at rest at the end of the stroke. 
During its acceleration, part of the pressure on 
the piston is expended in inereasing the motion 
and so less force is transmitted to the erankpin 
than is shown on the indicator diagram. When 
the maximum velocity is attained the full 
pressure on the piston is acting on the crank- 
pin, but whilst the mass is being retarded its 
inertia inereases the load on the crankpin. 
During the latter part of the stroke this extra 
load balances the deficit which oceurs in the 
early part of the stroke so that the total energy 
transmitted to the erankpin per stroke is 
precisely the same as that caleulated from 
the diagram, although its distribution is 
altogether different. 


The effect of inertia, therefore, is to render 
the actual load on the erankpin less than that 
on the piston during the first part and greater 
during the latter part of the stroke. 


After correcting for deadweight and inertia 
the nett pressures are tabulated. 


Strictly speaking the question of frictional 
resistance of the moving parts between the gas 
and the crankpin should be considered which 
would infer that M.E.P. be taken instead of 
M.I.P. However, this effeet is relatively small 
and it was decided to base ealeulations on the 
M.I.P. rather than the M.E.P. this being on the 
safe side. 


It is evident that the T.M. will vary with the 
firing order but the Rules are based on those 
firing orders giving the worst possible con- 
ditions. 


2. Bending Moment 


Whilst it is fairly straightforward to ascer- 
tain the T.M. with precision, the B.M. is 
difficult to assess owing to the necessity of 
making the following assumptions :— 


(a) Crankshaft considered as a straight 
uniform cylindrical beam fixed in posi- 
tion, not merely supported, at each main 
bearing. 


(b) Span taken over centres of adjacent 
main bearings. 


(c) Loads and reactions on erankpins and 
journals concentrated at the respective 
mid-points. 


(d) Level of the main bearings constant 
throughout, i.e, no allowance made for 
tmequal weardown. 


(e) Shearing stresses neglected. 
Accordingly the maximum B.M. was taken 
_ WL. 
as 
8 


In connection with the above assumptions 
it should be pointed out that the load cannot 
be applied by the crankpin brass at the mid- 
point of the length but must be distributed fairly 


evenly along the length of the pin. Similarly 
the support given by the bearing cannot be 
concentrated at the mid-point of the length 
and it will not be so evenly distributed along 
the length as in the case of the erankpin. Its 
actual distribution must be more intensive 
near the inner edges. These considerations 
show that the actual B.M. must be consider- 
ably less than that which would occur if the 
loads and supports were concentrated at the 
centres of the bearings as is taken in the 
caleulations. 


It is obvious therefore that the B.M. so 
obtained cannot pretend to give more than 
a comparative estimate of the bending action as 
it actually occurs. However, since most of the 
above assumptions are on the safe side, the 
method was adopted as a standard through- 
out all calculations and serves as a fair basis 
of comparison between various designs when 
all of them are treated in the same manner, 


It should be noted that “I” is finally taken 
as the span between the inner edges of the 
bearings rather than centres, owing to the fact 
that the latter tended to encourage manufac- 
turers to reduce the length of main bearings, 
thus penalising designers who wished to pro- 
vide large bearing surfaces in their main 
bearings. 


38. Equivalent Bending Moment 
It should be noted that the T.M. and B.M. 


do not necessarily reach their maximum values 
at the same instant, in fact the B.M. is usually 
a maximum just after T.D.C. whilst the T.M. 
is a maximum later in the stroke. It there- 
fore follows that there will be some position 
intermediate between the two at which these 
moments have their maximum combined effect 
and consequently give the maximum equiv- 
alent bending moment, 


Tt has been found by experience that this 
position is about 20° past T.D.C. as shown in 
Fig. 4 for a typieal 4 S.C.SA engine and as 
the effect of the angularity of the connecting 
rod for this small crank ‘angle is negligible 
the bending load may be taken as the net 
pressure acting vertically on the piston. 
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Fic. 4 


4. Safe Working Stress 


Owing to the satisfactory working of triple 
expansion steam engines over many years it 
was decided to allow the same stress as that 
obtaining in these crankshafts. Accordingly, 
Dr. Milton analysed the results of indicator 
and torsion moment diagrams taken from 17 
different triple expansion 
made by reputable makers, The combination 
of the torsion and bending moments was based 
on the maximum principal strain theory and 
as a result an average stress of 7300 Ib. /in.? 
was obtained. 


sizes of engines 


It should be clearly understood that this 
stress is only a comparable stress as an exact 
determination is subject to many widely varying 
assumptions having regard to weardown, B.M. 
and the flexibility of the engine bedplate in a 
seaway which probably 


introduces — stresses 


which are quite indeterminate. However, it is 
reliable as a means of comparison with stresses 
obtained in precisely the same way with other 


engines. 


Crankshafts for Special Type Engines 


The methods described in the foregoing and 
in Appendix II apply to the orthodox vertical 
marine engine but they may be readily extended 
to special engine types, e.g. V-engines, opposed- 
piston engines and horizontally opposed eylin- 
der engines to which the Society’s Rules are 
not strictly applicable. 


It has been necessary to make special ealeu- 
lations for such engines and use is made of the 
data supplied by the Engine Builders, such as 
reciprocating weights, indicator cards, ratio of 
connecting rod centres to crankthrow and 
centres of main bearings, ete. 


Intermediate Shafting 


The line of shafting driven by a reciproca- 
ting engine is subjected to a fluctuating T.M. 
and it was decided that a suitable Rule of the 


form d=C af Be 


for turbine shafting could be adopted, the co- 
efficient “C” being a measure of the fluctuation 
over uniform T.M. 


similar to that used 


The following is an outline of the general 
principles involved in determining the co- 
efficients used in the Rules and detailed caleula- 
tions for a particular engine type are set out 
in Appendix III. 


Tt should be noted however that these ecaleu- 
lations refer to the coefficients used in the Rules 
prior to 1952, which were based on a torsional 
shear stress of 5,000 1b./in.2 as for turbine- 
driven shafting. The coefficients used in the 
present Rules have been derived by allowing 
for the increased stress of 5,850 lb./in.2 now 
permitted for turbine-driven shafting which, in 
general, results in a 5 per cent. reduction in 
shaft diameter. 


The T.M. is determined throughout the cycle 
in the same manner as that described for a 
crankshaft in Appendix II and a diagram is 
drawn showing the T-M. transmitted through 
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the aftermost journal of the engine. The mean 
T.M. is indicated on the diagram, but for pur- 
poses of calculation only that portion of the 
eyele containing the excess above the mean is 
required as shown in Fig. 5, 


Mininom Maximum 


Speed Speed 


Crank Ang 


Fie. 5 


Assuming that the resistance of the propeller 
is uniform, if the T.M. is maintained at its 
mean value the engine will run continuously 
at its mean speed; since the T.M. fluctuates, 
however, any excess over its mean value will 
increase the speed and when the T.M. is less 
than its mean value the speed will decrease. 


When the engine is running at its mean 
speed there is accumulated in the moving parts 
a definite amount of kinetic energy. When the 
engine is running faster these moving parts 
have more K.E., the total being proportional 
to the square of the velocity. 


This excess K.E. is supplied by the excess 
T.M. over the mean and since this extra energy 
is absorbed in acceleration it follows that the 
minimum speed is at the point where the T.M. 
curve cuts the mean line upwards and the 
maximum speed where it cuts it downwards. 
The excess K.E. is caleulated by measuring the 
area of the curve contained by the loop above 


™. 


Max. Speed \ ” 
Min. Speed 

is obtained. In order that the fluctuation in 
speed can be related to fluctuation in T.M., 
the T.M. diagrams of various reciprocating 
engines were investigated and a series of values 


the mean line and a value of 


tabulated giving the relationship between 
Max. Speed \ ? aan Max. T.M. 
( Mean Speed (stean T.M. 


Since the curve bounding the loop is usually 
regular in form, the position of mean speed 
may be taken as midway between the points of 
minimum and maximum speed. Accordingly, 
Max. Speed \ * 
Mean Speed 
half the excess K.E. is taken to increase the 
speed from the mean to the maximum value. 


in order to obtain the ratio ( 


Finally, so that the appropriate “C” value 
may be determined, the turbine shaft coefficient 


3 / Max. T.M. 


4 is multiplied by Mean TM. 


It should be pointed out, however, that the 
resistance of the propeller is not uniform but 
is greater with high than with low speeds and 


generally it is considered that the propeller 
resistance varies as the fourth power of the 
speed as indicated in Fig. 6. 


Thus, considering this effect, it would he 
necessary to judge from the diagram the crank 
position when the engine is running at its mean 
speed and then take small steps from the 
diagram to caleulate how much excess energy 
is applied during each step. By trial and error 
it is possible to ascertain how much of this 
energy is absorbed in increasing the speed and 
how much in overcoming the increased resist- 
ance due to the increased speed, proceeding 
step by step until the cycle is completed. 
If the proper assumption as to the instant 
of mean speed is made, at the end of 
the cycle the then ecaleulated speed is the mean 
speed. If this is not attained the whole requires 
to be repeated with another estimate of the 
point of mean speed. The method is therefore 
very laborious, but by tabulating the results of 
different engines it was found that the con- 
sideration of variable propeller resistance 
resulted in only a slight reduction in diameter 
of shafting. The assumption of uniform pro- 
peller resistance although incorrect is therefore 
on the safe side. 


™, 
__-——7~ Variable propeller resislonce. 
Uniform propeller resistance. 


Crank Angle. 


Fig. 
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The K.E. of a rotating mass is equal to 


ra kK? w* where:— 
W = Weight Ib. 
k =Radius of gyration ft. 
w =Angular Velocity Radians/sec. 
§ =32°2 ft./sec.? 


and the total K.E. in the engine is the sum of 
that due to the following parts :— 


1. Reciprocating weights. 
2. Crankshaft. 

3. Flywheel. 

4. 


Balance Weights. 


1. Reciprocating Parts 

Neglecting the obliquity of the connecting 
rod the K.E. of the reciprocating mass will be 
the same as that of the vertical component of 
the same mass supposed to be situated at the 
erankpin. 


Accordingly, it may be shown that in any 
engine having equal weights of reciprocating 
parts for each cylinder the K.E. is due to half 
the weight of the reciprocating parts acting at 
erankpin radius irrespective of the actual 
angular position of the cranks at any time. 


2. Crankshaft 


Particulars obtained from the leading manu- 
facturers of oil engines led to a standard value 
being adopted for the Moment of Inertia of 
a crankshaft for the 6-cylinder 4 SCSA engine 
in Appendix IIT. It was then assumed that the 
Moment of Inertia of a crankshaft varied as 
the square of the shaft diameter. Thus for 
engines having other than 6 cylinders the 
crankshaft diameters were caleulated and the 
Moment of Inertia found by proportion. 


» 3. Flywheel 

When the T.M. transmitted to a shaft is 
irregular the effect of a flywheel is to regulate 
the motion. When the applied T.M. is greater 
than its mean amount, part of the energy is 
absorbed in accelerating the flywheel and when 
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the T.M. is less than the mean, the flywheel slows 
down by transmitting part of its stored-up 
energy to the shafting. 


Whereas the weights of reciprocating parts 
and crankshaft may be considered proportion- 
ate to the size and power of an engine the 
flywheel may vary considerably in different 
engines and it is necessary-to allow for a vari- 
able size and weight of flywheel. The K.E. of 
a flywheel is proportional to Wd?R2, but the 
K.E. is also proportional to the work done by 
the engine represented by D2S, thus the ratio 


D*xsS 
W xd? xR? 


a series of values tabulated as “A” in the 
Rules. 


is evaluated and represented by 


If the flywheel is extremely heavy the value 
of “A” is reduced and a smaller size of shaft 
required since the T.M. produced in the shaft 
is more nearly uniform. 


Strictly speaking, the radius of gyration of 
the flywheel should be used instead of “d”, the 
outside diameter, but since the latter is more 
readily obtainable and the values of “A” are 
only comparative this is acceptable. Further, 
the radius of gyration of a flywheel of normal 
shape is usually a fixed proportion of the out- 
side diameter, viz. k=0°4d. 


(Note: k=—0-3535d for a solid cylindrical body 
rotating about its axis.) 


4. Balance Weights 


Although the primary reason for fitting 
balance weights is to improve engine balance 
their effect upon the fluctuation of speed is the 
same as that of a flywheel and the K.E. pro- 
duced may be taken into consideration. 
Accordingly, using the symbols in the Rule 
Book, 


wr? = w (04d)? = ie 


*, WO? = 6°24 wr? 
and the value of “A” becomes 


Derars 
(Wd? + 6°24 wr?) x R? 


SHAFTING CALCULATIONS 


An example of a typical oil engine shafting 
system is set out in Figs. 16 and 17 together 
with the completed calculation sheet in Appen- 
dix IV. 


It will be noted that in the case of the engine 
the Rules only cover the design of the erank- 
shaft, the remaining details being left to the 
discretion of the Engine Builder. For guidance 
on the dimensions of such parts, reference 
should be made to Mr. Anderson’s paper on 
“Diesel Engine Design” read before the Staff 
Association in 1928. 


Engine Particulars 


These are taken from the data sheet sub- 
mitted with the plans but it is usual to check 
the span of bearings and M.I.P. since dis- 
erepancies are sometimes found. The span of 
bearings is as indicated in Fig. 7, and it is 
necessary to check that the stated span is at 
least equal to (A+ 2r). 


pole = 
Span of bearings (L) 


Fie. 7 


The M.E.P. is calculated by means of the 
following formula :— 


K x 10° x BHP 
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si D258 xAR on 


14 


Where D = Diameter of cylinder in. 
S = Stroke in. 
Reser 
n = No. of eylinders. 

K = 1010 for 4 SCSA. 


505 for 2 SCSA. 
530 for 4 SCDA. 
265 for 2 SCDA. 


The M.L.P. is checked by dividing the M.E.P. 
by the mechanical efficiency which, in the 
absence of information, may be taken as 0°78 
for engines driving their own injection air 
compressors and 0°83 for engines without air 
compressors. 


Crankshaft 


The particulars of crankshaft material are 
then recorded and if the U.T.S. is greater than 
28-32 tons/in.? the steel factor is found as 
previously described on page 1 and may be 
applied to the ealeulated diameter of crank- 
shaft. 


For Doxford opposed-piston engines and 
Burmeister & Wain exhaust piston engines it 
has been found sufficiently accurate to use 
the Rule formula for the crankshaft diameter 
except that :— 

L=Span between centres of side cranks 
or eccentrics. 


S=Sum of strokes of top and bottom 
pistons. 


In the case of Doxford engines the Rule size 
found from the above formula refers to the 
diameter of the centre crankpin; the diameters 
of the side crankpins and journals may be 2 
per cent. less than that found by the formula. 

The Rules do not contain any formula 
relating to the reduction in.strength due to the 
presence of radial oil holes and the matter is 
dealt with by comparing the modulus of section 
with that of an equivalent solid shaft. 


Radial oil hole 
~ Shaft dia. 
Central hole 


Shaft dia. 


Il 


oa am 


Diameter of Equivalent Solid Shaft. (D,) 


Four Radial Oil Holes, Torsion and Bending. 
(Fig. 8a) 


} 16m, A } 
=0x/ (I—K*)— gp (I—K) [ m2+-(I+-K)*—K ] 


Two Radial Oil Holes, (Fig. 8b). 
Bending 


a 16m 
= DxA/ (1-K+) — a (l — K*) 


Torsion 


=Dx af U—K*)—S IK) [m2 K)?—K] 
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Similarly when pins and journals are hollow 
bored without oil holes the equivalent diameter 


ix! 7s) 


In all cases the equivalent diameter should 
be compared with the Rule diameter. 


is given by 


For shafts having an oil hole drilled 
obliquely through pin, web and journal as 
illustrated in Fig. 16 the loss in strength is 
sufficienty small to be ignored. It is essential, 
of course, in all cases for oil holes to be pro- 
vided with a generous radius where they break 
surface with pin or journal. 


Crank Webs of Built Shafts 


The dimensions of shrunk crank webs are the 
same as those required for steam engines but 
whilst these dimensions are adhered to in steam 
engine design it is usual for oil engine crank- 
shafts to be built with thinner webs with a view 


to reducing the distance between cylinder 
centres. A relatively high shrinkage allowance 
is therefore used to make up for the loss in 
grip due to the reduced axial thickness but this, 
in turn, induces a greater hoop stress in the 
erank web material. * 


However, in some cases the diameter of pin 
and journal may be in excess of Rule size 
which may, in itself, provide the necessary 
grip due to the increased surface area in con- 
tact between the mating surfaces. 


It will be seen therefore that there are many 
variables to consider to ensure that :— 


G) The proposed torque grip is not less 
than that obtained with a web of Rule 
dimensions. 


(ii) The hoop stress induced is not greater 
than that in a web of Rule dimensions, 


and the procedure, based on Lamé’s thick- 
cylinder theory, is dealt with in Appendix (V) 
whielf also includes graphical interpretations 
of the results. 


It may be added that this theory can only be 
expected to give reasonable results within the 
elastic range of the crank web material and it 
is probable that plastic flow actually takes place 
when using the higher shrinkage allowances 
and almost certainly in the bridge piece be- 
tween pin and journal. This plastic flow will 
have the effeet of reducing the hoop stress but 
will also reduce the grip stress. 


Although no Rules are laid down governing 
the minimum width of bridge piece the results 
of investigations of failure of shrinkage fits 
carried out in Head Office in 1944 bear no 
definite relationship to this distance between 
the pin and journal in a web. It is, however, 
suggested that this distance should be not less 
than 0°3 times the mean diameter of the holes 
in the web. 


Although it is theoretically possible to pro- 
vide the necessary grip with webs of greatly 
reduced axial thickness it is considered that the 
proportion should be limited to 0°56 times 
actual diameter of pin or journal owing to the 
proportionately greater loss in fit due to bend- 
ing action of the web. 


The Society’s Rules for shrinkage allowances 
are based on the use of material having a 
U.T.S. and Y.P. of 28 tons/in.2 and 14 
tons/in.” respectively, but in order to provide 
the necessary grip, higher shrinkage allowances 
than ,}5 up to a maximum of 5} have been 
permitted with crank web material having a 
correspondingly higher yield point than 14 
tons/in.? to compensate for the increased hoop 
stress. 


Dowels are generally looked upon with much 
disfavour by Engine Builders who maintain 
that the shrink fit should not be impaired by 
the fitting of dowels. The practice now appears 
to be obsolete for oil engine crankshafts 
although they are still fitted to steam engine 
crankshafts. 


Crank Webs of Solid Shafts . 


The scantlings for breadth and thickness are 
expressed as simple proportions of the* Rule 
diameter which: have been found by experience 
to give satisfactory results in service under all 
normal conditions of working. It is not un- 
usual to find, however, that the thickness is 
somewhat less than the Rule size in order to 
obtain a shorter overall length of engine. 


Slight reductions in axial thickness (t) are 
permitted provided the strength of the web 
considered as a beam subjected to bending in 
a plane containing the centre lines of pin and 
journal is maintained by an appropriate in- 
crease in the breadth (b). From Fig. 9a it 
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will be seen that the strength is represented by 
the product bt? which is proportional to the 
modulus of section. It is considered, however, 
that the proposed thickness should be not less 
than 80 per cent. of the Rule dimension, i.e. 
0°448d. 

Allowance is also made for reduced scant- 
lings when increased tensile strength is pro- 
posed as previously described on page 1. 


In short-stroke engines overlap of pin and 
journal sometimes occurs as in Fig. 9b. In 
such cases a slight reduction in Rule modulus 
(i.e. bt?) is allowed although each case is con- 
sidered on its merits. 


Whilst large fillet radii between pin and 
web and journal and web are desirable the 
effect is to reduce the bearing surface available 
or inerease the length of the engine. To over- 
come this effect the web is sometimes recessed 
as shown in Fig. 9c and this is acceptable with- 
out increasing the thickness or breadth of the 
web. 


Centre Web (two cranks between bearings) 

For crankshafts having two cranks between 
adjacent main bearings as indicated in Fig. 10 
the thickness of the centre web should be not 
less than 1:4 times that required by the Rules. 

This is equivalent to twice the modulus of 
section for an ordinary web, i.e. 

2x bt?=2 x 1:38d x (0°56d)? 
.. t for centre web 


=2 x 0°56d = (754d 
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Fig. 10 


Opposed-Piston Engines 


The built-up centre webs should be in accord- 
ance with Rule proportions. 


For the solid forged side crank webs the 
breadth and thickness should be 1°86 and 0°46 
respectively of the diameter required for the 
journal as in Fig. 11. 


If the foregoing proportions are departed 
from, the webs are to be of equivalent strength. 


Flywheel Shaft 


A separate shaft is now rarely provided to 
earry the flywheel which is usually fitted to an 
extension of the crankshaft or sandwiched be- 
tween the crank and thrust shafts. 


Crank & Flywheel Couplings 


In small engines the couplings are sometimes 
connected by means of set pins and dowels and 
the area of the dowels in shear should be not 
less than that required by the Rules for coup- 
ling bolts. 

When coupling bolts are made from material 
having a U.T.S. greater than 28 tons/in.? the 
area of the bolts in shear may be proportional 
to the U.T.S. proposed. Accordingly, the Rule 
diameter of coupling bolts is multiplied by the 


factor 
28 
Jf U.T.S. proposed 


Intermediate Shaft 


For smooth water service a reduction in 
strength of 10 per cent. is permitted and since 
strength is proportional to (diameter)* this is 
equivalent to 34 per cent. reduction in diameter. 
Similarly for ships classed exclusively for 
service on the Great Lakes a reduction in 
strength of 5 per cent. is allowed which corres- 
ponds to 1} per cent. reduction in diameter. 


Where the power of a reciprocating engine 
is transmitted to the propeller through a 
flexible coupling which has no mechanical 
connection between the driving and driven 
members, e.g. electro-magnetic and hydraulic 
couplings, the dimensions of all shafting be- 
tween such flexible couplings and the pro- 
peller may be determined on the same basis as 
that for turbine machinery transmitting uni- 
form torque, i.e. 


Bia pj ole 
=3'8 - 
g ‘R 


Thrust Shaft 


The thrust shaft is inereased in diameter in 
way of the collars since this part of the shaft 
cannot be so well forged as the plain part 
between the collars and the couplings which 
need only be the same size as the intermediate 
shafting. 


In the case of a thrust shaft of ball bearing 
design where the housing for the bearings is 
attached to the shaft (i.e. no deep collars being 
forged on the shaft itself) such a shaft may be 
of the same diameter as that of an intermediate 
shaft. 


The Rules make no provision for the design 
of thrust collars but a general formula for the 
thickness of a single collar thrust measured 
parallel to the axis of the shaft is :— 


0-27d or 0°31(D-d, ) 
Where D=Dia. of collar. 

d=Rule dia. of shaft. 

d =Actual dia. of shaft. 


This formula has been derived from an 
examination of several cases and is only used 
for reference purposes. 


crankweb 1-86 d 


Breadth of side 


d =0-98p 
Fia. 11 


Tube Shaft 


When the screwshaft is entirely outboard, 
the shaft which passes into the inside of the 
ship is known as the tube shaft. These shafts 
were usually fitted to twin screw ships having 
A-brackets but this construction is rarely met 
with nowadays. 


Screwshaft 


The screwshaft, in addition to resisting the 
T.M. transmitted by the engine, has to with- 
stand the bending stresses due to the weight of 
the propeller and experience has shown that 
this shaft should be made larger than the inter- 
mediate shaft by an amount depending upon 


the relative diameters of the intermediate shaft 
and of the propeller. 


The diameter of the screwshaft is measured 
at the point of propeller fit which, in most 
cases, can be regarded as the diameter at the 
top of propeller cone. Some screwshafts are 
reduced in the body between the bushes but 
in no case should this be less than the Rule 
diameter. 


Where no protection against corrosion is 
provided by the fitting of a continuous liner 
the size is increased in relation to the “C” 
value. In such cases the shaft invariably runs 
in an oil lubricated bearing and is fitted with 
an oil gland at the after end of the stern tube. 


Oil glands, when fitted, should be of an 
approved type which, in addition to retaining 
oil in the stern tube, also prevent sea water 
gaining access to the screwshaft cone at the 
forward end of the propeller boss. 

For a compreliensive description of serew- 
shafts reference should be made to Mr. Waitt’s 
paper read before the Staff Association in 
1948. 


For Navigation in Ice 

For these conditions the diameter of the 
serewshaft is inereased 5 per cent. throughout 
its length. 


Bronze Liners 

Where screwshafts are fitted with separate 
liners having the junctions of the liners welded, 
these could be accepted as being equivalent to 
continuous liners provided the following pro- 
cedure be carried out :— 


Method (A) Liners welded before shrinking on 
Screwshaft : 
(1) The junction of the liners be welded 
through their full thickness before 

machining. 


(2) The welding be done in steps for the full 
thickness of the liner and not by a series 
of runs of partial depth for the full 


cireumference. 


(3) The deposited metal be of similar quality 
to that of the liners and having a high 


degree of ductility. 


(4 


— 


On completion of the welding the liner 
be machined and subsequently tested by 
hydraulie pressure with — satisfactory 
results. 


Method (B) Liners welded after shrinking on 
Screwshaft 
Tt is recommended that a copper strip 1 mm. 
to 2 mm. thick be rolled into the VEE as shown 
in Fig. 12 and the welding be carried out as 
in items 2 and 3 above. 


It is considered that where 
method (A) should be employed. 


practicable 
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Copper strip !mm lo 2mm thick 


cil 
a 
Cpprox. mm. 
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A typical material composition for a bronze 
liner is :— 


Copper 84 per cent. 
Zine haere 
Tin 6 » » 
Lead Sony as 


Whilst no Rules are laid down governing the 
sbrinkage fit the usual allowance is about ,,,,, 
of the diameter of the shaft. 


Stern Bush 

The initial clearance between the serewshaft 
and lignum vit bearing is usually about ,1,, 
of the diameter of the shaft. 


Couplings 
The shear stress allowed in the coupling bolts 
is 123 per cent. less than that in the inter- 
mediate shafting, i.e. 
O°875 x Torque 
Td 
16 


d* 
=/5 xn xP 


In order to provide a satisfactory bearing 
surface, the flange thickness is made equal to 
the bolt diameter. 


Torque 
nx rx area of bolt 


-.Dia. of bolt 


Since the serewshaft coupling is usually sub- 
jected to severe punishment in the course of 
removal of screwshafts and tight propellers it 
is necessary to make provision for a more 
substantial thickness than the intermediate 
shafting flanges. 


Separate Couplings 

In shafting installations where provision is 
made for withdrawing the screwshaft outboard, 
loose couplings are fitted to the serewshaft. 


The usual type is keyed and tapered on the 
shaft, the whole being secured by a nut to 
resist the astern pull. For these couplings and 
for propeller keys in screw shafts the sectional 
area of the keys in shear should be not less 

3 
Lich Keys securing loose couplings with 
parallel bores should have a sectional area in 


than 


3 
shear not less than wa" where :— 


8D 
d=Rule dia. of intermediate shafting. 


D=Dia. of shaft at key. 
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The above formule have been derived from 
the Rule for the diameter of coupling bolts 
using constants of 5 and 4 respectively instead 
of 3*5: 


The equivalent diameter of the coupling is 
ealeulated in the same manner as for hollow 
bored pins and journals and should be not less 
than the Rule diameter of the screwshaft at 
the coupling. 


Muff couplings are sometimes fitted but 
appear to have fallen out of favour in recent 
years. 


APPENDIX I 
SHEET—S.R. & E.T. Date 
FILE _REFERENCE.— ae aie ta, 


STEAM RECIPROCATING & COMBINED 
RECIPROCATING ENGINES & EXHAUST TURBINES—SHAFTING 


Vessel’s Name. 


Shipbuilders Yard No. 
Engineers Engine No. 
Great-bakes, Smooth Wate 
Service Conditions | {ee an er ed for Navigation-in-tee.’ 3 No. of Screws. 
Type of Engine. Triple expansion wilh exhaust Engine—L.H.P. 3050 SHP. 09% 3050 = 2745 Tolal = 4218 
Cylr. Diars. 27°—.95 — 76 forbine  Turbine— 1550 SHLP. 0-95" 1550 = 1473 
Stroke 48° R.P.M. of Propeller 90 
WP. 220 bbfin* Propeller Dia. 13-3 
Cut-off in H.P. Cylr. = — Screwshaft without Continuous Liner. 
RECIPROCATING ENGINE ONLY 
INTERMEDIATE SHAFT. Material — Forged sfeel Tensile Strength 28-32 lons/in* 
| COMPOUND, TRIPLE VALUES OF|C. | 
OR QUADRUPLE |~— | 
reipkocaTiNo Ses Ry aaah 1-75% | Tete 35% 
¥ joing. 
SeCUNGINES. * | oneat "LAKES | sMOOTH WAaTER| (FB + 2) = s-) +2= 9.92 
2 cranks at 90° . 2004 2114 
2 cranks at 180° 1423 1503 
3 cranks at 120° 2268 2393 
4 cranks balanced 2268 2393 
cranks at 9 22 2337 
: E od ee nis Per Rule Proposed 
A/D: x xSxWP. ~/_767_x 46 x 220_ pase *Cx]| ” 
Shaft dia. d= = 4195 °*-| 14. 
haft dia. d= c(B. +2) 2) 2150 * 9:92 | 419 45 
Where Torsional Vibration Characteristics are Approved | | 
Dia. of Intermediate Shaft Only = 0-95d = 0-95 x =| — fC) 
CRANKSHAFT. Material Forged steel Tensile Strength 28-32 fons/in* 
dia. =1-05d =105x 1/4195 — | 14.905 | I5° 
Crank Webs 
Built h =0-625d =0-625x 14-905 = 9-32 9:375° 
0-12 d* 0-12 x 14-9054 ‘ 
te Af em pt PB e. : = a id 
Vv h =v 9-32 655 675 
Keys or Dowel Pins, No. and Size : —— 


Shrinkage Allowance Po = oh, 
Solid breadth = 1-33d =1-33x = — 
thickness = 0-56d = 0-56 x = =. 


COMBINED RECIPROCATING ENGINE & EXHAUST TURBINE 


INTERMEDIATE SHAFT. Material Forged skeel Tensile Strength 28-32 lons/ir’ 

$.H.P. — Maximum combined shaft horse power at the inter. shaft - | 428 

service Condition | 002” Going =10 

Service Condition ) Great Lakes, = 0-9825 fo=s9x I =| 38 

Factor ! 

Smooth Water= 0-965 B 
Shaft dia. = CA/S.H.P. =- 38 xA/_4us_ =| 87° FI 
ae = 


Dia. of INTER. SHAFT Comparable to that for Recip. Engine only | eel LM 
Shaft dia, =105x [3-7 = | 14-385 (x]) 145 
NOTE. — The diameter of intermediate shaft to be used for determining the size of all straight shafting (* to be not leas than the greater of 


the dimensions marked thus [x] Where T.V.O's are mips the diameter of the INTERMEDIATE SHAFT only may be mado 
ork less than the greater of the dimensions 


RULE SIZE OF INTERMEDIATE SHAFT d— !4-385" (See Note on Previous Page) 


THRUST SHAFT. Material. Forged Sleel 


dia. at Collar. = 1-05d =1-05x 14-385 


dia. at Coupling= d 


TUBE SHAFT. Material 
1.05 d 
dia. = 1 9rsd | = x 


SCREW SHAFT. Material Forged slexl Tensile Strength 23-32 fons/in* 
219 “ , ae 
[a] dia. in body or top of cone =d ye = 14-385 + yas amnie 15-905 161875 
{b] dia. at Coupling =105d =105x 14385 = 15-104" 15-29 
“FOR NAVIGATION IN ICE.” Material of Propeller. 
dia, in body or top of cone = 1-05 x dia. [a] = 1-05 x >] —— 
dia. at Coupling = 1-05 x dia. [b] = 1-05x = — 
BRONZE LINERS. Continous liner is fitted | in one piece 
| withjeints fused through-rhele thiekmess. 
an eae | 

thickness in way of bushes t’”’ = + & 725 oes 9:25 _ ae 32 

; Sai Th 2155 _ | 8-8 20° 
thickness between bushes = 0-75t = 0-75 x 32 = 32 | 39 
STERN BUSH. Length = 4d =4x [5-905 6362 6475 


COUPLINGS. Bolt Material. 


Oe ee 


3-5xuxXr 


Forged skel 
a Pees Lee 


Screw Shaft Coupling, flange thickness = 0-25d = 0-25 x 14-385 


dia. of bolts ) 


flange thickness | 3-5 x G x 5 1-1875 


Fillets, radius = 0-125d = 0-125 x 15-25 


SEPARATE COUPLINGS. Material 


Provision Made to resist astern pull. 


Tensile Strength 


| 


Tensile Strength 


| 


28-32 fons/in’ 


Per Rule | Proposed 
IS-log” 15-64" 
14-385" 15-05 


Tensile Strength 28-32 lonsfin® 


il 


Tensile Strength 


~4| s625" 
3-596 3-625 
lgos | 2 
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APPENDIX II 


The following example illustrates the pro- 
cedure adopted with a 2 SCSA engine having 
a maximum pressure of 600 Ib./in.2 and M.I.P. 
of 80 Ib/in.?, and by reference to Table 1 the 
calculations can be followed column by column. 


Column 1. Crank Angle 


a Ct a le, ae (L+r) - L(osa + rCos ©) 

The eycle is divided into a convenient num- 
ber of equal angular intervals, the cycle being ( ) 

* = - r _ 
360° for 2-stroke and 720° for 4-stroke L(I Gse) ie ( Cos® 
engines. Fig. 13 
Column 2. Gas Pressure TABLE 2 

Typical indicator cards were obtained trom 
the leading makers of heavy oil engines and Crank Angle Proportion of 
from these, standard indicator diagrams were 0° Stroke « 
drawn for the various M.I.P. and maximum 
pressures given in the Rules. For each maxi- 0 0 
mum pressure these diagrams were constructed : 
with a similar compression curve, the variation 10 0-0095 
in M.I.P. being obtained by adjusting the ex- 20 0-0375 
pansion curve to suit the corresponding varia- ; ; 
tion in the period of combustion which was 30 0-0828 
considered to be at approximately constant 

: a dees : 40 0-1430 
pressure. 

Considering the indicator diagram for the 50 0-2156 
given conditions of M.I.P. and maximum pres- 60 0-2975 
sure in Fig. 14, since the base line of the 
diagram represents the stroke, it is first neces- 70 0-3850 
sary to mark off the position of each crank 80 0-4750 
angle as a proportion of the stroke in order to ; 
measure the corresponding gas pressure. 90 0-5635 

Fig. 13 illustrates the proportion of the 100 0- 6484. 
stroke “¢” a di rank 

roke “a corresponding to a erank angle @, 110 0-7270 

In dealing with the proportions of crank 20 ms 
mechanism throughout the calculations a con- . 0-7974 
necting rod length of four times crank radius 130 0+ 8584 
has been taken which is the usual ratio, i.e. 

i 140 0-9090 

_=4. For the purpose of relating the piston 
r 150 0-9488 
displacement to crank angle the stroke is taken 
as unity, ie. r=0°5, 160 0-9772 

X=2(1 — Cos x)+0°5(1 — Cos6) 170 0-9943 

Table 2 gives the values of “«” for crank 180 1 


angles between 0° and 180°. 
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Crank Gas Nett 


Deadweight Inertia Leverage 
Angle Pressure = ; Pressure ee 


oom 


Ok 


ado woe 


0° 51 
10° 159 
20°| [248 ] 
30°| 255 
213 
140 
79 
40 
44 
95 
186 
260 
255 
208 
143 
103 


143 

106 
84 
6. 
5 
4 
3 
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Column 3. Deadweight 

Particulars of the reciprocating weights of 
the usual types of slow running marine engines 
indicated that a deadweight of 11°1 lb. per 


sq. in. of piston area could be taken as a good 


average, it being noted that the units chosen 
are the same as for gas pressure. 


Column 4. Inertia 
The inertia force of the reciprocating parts 
acting on the crankpin is given by :— 
Ww r 
= 2 » 
gor [cose +{ cos20| 
where W= Deadweight 
w=Angular velocity 
g=32-2ft./sec.? 
The values of r, L and @ are as indicated 
in Fig. 13. 
_ By substituting standard figures of 100 
r.p.m. and erank radius 23°6 in. (600 mm.) as 
representing average practice the inertia force 
becomes :— 


1 ga 2? 100\2 = 23°6 Cos20 
(FF ) x 7p [Cos0+ : | 


32-2 * AD r 


? 
74-4 [cose + oS =] 


and is ealeulated for each 10° of crank angle. 


Column 5, Nett Pressure 

In columns 2, 3 and 4 the pressures are taken 
as positive when assisting the motion and 
negative when resisting the motion of the 
crankpin, and the nett pressure is the algebraic 
sum. 

This obviates subsequent confusion when the 
nett pressures are converted to moments, the 
signs taking care of themselves. 


Column 6. Leverage 

Referring to Fig. 15, if the line representing 
the connecting rod AB be produced to C it can 
be proved that the T.M. produced on the 
crank is :— 

Piston Load CD 

The distance CD is known as the leverage 

and for a ratio of = =4 the leverages in 


column 6 have been calculated, assuming a 
erank radius of 1 in. 


CD-= Tan (r@sO +L (os x) 


Fig. 15 


Columns 7, 8, 9 and 10 


The T.M. for No. 1 erank is obtained by 
multiplying the nett pressure by the leverage 
and the results are set down in Column 7. 


The values in this column apply equally to 
each erank throughout the engine but since 
each crank is arranged at a certain angular 
displacement from No. 1 erank each set of T.M. 
values must be added in their correct phase, 
and for convenience the figures in column 7 are 
reproduced on a separate strip of paper. 


To obtain the T.M. aft of No. 2 crank this 
strip is placed alongside column 7 but with the 
first figure in line with the crank angle of 180°. 
When the crank angle of 360° is reached the 


. strip is moved upwards to 0° so that the 


column may be completed, and the two lots of 
figures which are now adjacent are added to 
form column 8. 


Similarly, since No. 3 crank is displaced 90° 
from No. 1, the loose strip is placed with its 
first figure opposite the crank angle of 90° and 
added to the adjacent figures in column 8 to 
give column 9. 


If the loose strip is now placed with its first 
figure opposite the 270° of column 9 and added 
to the adjacent figures in column 9 and the 
results put down in column 10 this column will 
represent the action of all four cranks of a 4- 
crank engine and gives the T.M. in the after- 
most journal of the erankshaft. 


It will be noted that the values of T.M. in 
each column fluctuate cyclically, the number of 
fluctuations being always equal to the number 
of cylinders taken up to that particular column. 
This forms a useful check on the work. 


It has been found that the above tabular 
method is far less tedious than superimposing: 
curves and, further, values of T.M. may be 


readily observed. , 


Derivation of Coefficients 
Let W=Nett pressure 
LL. .=Span of bearing centres 
D= Diameter of cylinders 
S=Stroke 
d= Diameter of crankshaft 
M, =Equivalent Bending Moment 


It will be remembered that the maximum 
equivalent bending moment usually oceurs at 
about 20° past T.D.C. and from inspection of 
Table 1 it will be seen that this will oceur at 
20° past T.D.C. aft of No. 3 crank where the 


T.M. is 248. The net pressure at this crank 


angle is 467 lb./in.2 and the B.M. will bebe 


although for purposes of caleulation it is neces- 
sary to express B.M. in terms of erank radius 
where L, is taken as a ratio of crank radius. 


Since T.M. and B.M. are now both expressed 
in the same units, i.e. Ib./in.2 of piston area 
and unit crank radius, they may be combined 
to obtain M, but in order to evaluate the true 


value M, must be multiplied by 


Thus considering the fundamental formula :— 


Equivalent Bending Moment 


S fess = ~ ~ 
i Modulus of Section 
TDS 
: Mess ehahtod 
ap00 = — 7d? 
32 
“0° = D*[M, x § x 0000548] 


Instead of the factor in the bracket, i.e. 
iM 8 'Siase 0000548 ] it was desired to 
obtain a factor in the form [AS + BL]. This 


bo 
co | 


involves two unknown coefficients “A” and 
“B” and hence two equations are required to 
evaluate them. M, 's therefore calculated for 


© embracing the most usual 


=0-9%and ns =14 


two ratios of 


range of proportions, i.e. 


or Le = 1:8 and 2°8 eranks respectively. 
Accordingly :— 
TM =248 
167 x 18 ~ 
— ~ 10 
BM = 8 105 
67 2°8 " 
BM = = =163°5 
2'8 8 
Me =(0°35 x 105)+0°65 10524 2482 =212 
1's 
Me =(0°35 x 163°5)+0°65 ¥/ 163°52 +248? 
ig =250 
AS + 14BS = 250 x 0:000548S 
AS + 0°9BS = 212 x 0:000548S 
O5BS = 0:0208S 
eB = O0416 
ey. = O79 
Since the span between inner edges of 


adjacent main bearings is used instead of the 


span between bearing centres in the final 
formula the value of “B” is multiplied by the 
ratio Le ; a value of 1°5 was taken for this 
ratio, which is in agreement with general 
practice. 

.B = 15 x 0:0416—0-062 

.d = VD2(0-079S + 0-062L) 


APPENDIX III 
The particulars of the following engine were 
adopted as a standard for a typical marine oil 
engine :— 


Cylinder diameter = 630mm. (24°8”) 


Stroke =1300mm. (51°2’) 
M.1.P. = 105/b.fin.2 
Keke =80 


2 21 X =)" a9 
o*= 60. = v2 


Weight of 4 reciprocating 


parts per cylinder =41361b. 
No. of cylinders =f 
B.ILP. ee 
woe =4S8CS8A 


1. Total K.E. of 3 Reciprocating Parts 
4136 x 2°132 x 70:2 x6 
2. Wk2 of Built-up Crankshaft 


= 162,750lb.ft.2 
“. K.E. of crankshaft 


162,750 « 70:2 


eae 


= 122,400f¢.1b. 


3. Flywheel 
Weight 
='13°7 tons 


Diameter 
Sei ht 


D2 x 5S 
W x d? x R? 
24°82? % 51-9 


ri se — 


= 137 x86 x R02 = O'00486 
Wk? of flywheel 
=349,0001b.ft.2 
K.E. of flywheel 
349,000 x 70°2 
= = 380,800ft.1b. 


3a 
4. Balance Weights 

The “flywheel effect” of balance weights has 
already been described and if fitted their K.E. 
is added to that of the flywheel. 

Since the K.E. of flywheel and_ balance 
weights varies inversely as “A”, a series of “A” 
values were tabulated and the corresponding 


K.E. evaluated from the ealeulated figure 
A=0:00486 as in Table 3 :— 
TABLE 3 
“A K.E. 
0-001 1,847,500 
0-005 369,500 
O-OL0 184,750 
O-O15 123,100 


= 177,400ft.Ib. 
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For each value of “A” the total K.E. of the 
reciprocating weights, crankshaft and flywheel 
is set out as in Table 4 :— 


TABLE 4 


“An | ‘ Total K.E. 
0-001 2,147,300 
0-005 669,300 
O-OL0 | 484,550 
OrO1D | 422,900 | 


No flywheel or 


3 299,800 
balance weights 


The T.M. curve was drawn for one revolution 
and the line indicated from the ex- 
pression 


mean 


33000 x BHP 


217TN 


Mean TM = 


33000 x 1257 


= a 82,700)b.ft. 
By measuring the area of the loop and com- 
paring it with the area under the mean line the 
ratio was found to be 0:154. Since the area 
under the mean line represents the total 
1257 x 33000 __ 
80 = 
in the loop is 


energy per revolution, i.e. 


519,000 ft. Ib. the energy 
0°154 519000=80,000 ft. Ib. 


The “C” values may now be calculated as 
shown in Table 5. 


It should be remembered that all the above 
calculations relate to an engine speed of 80 
r.p.m. which corresponds to a piston speed of 
approximately 700 ft./min. In order that the 
final “C” values may be related to various 
speeds, further calculations were made for 100 
r.p.m., 120 r.p.m. and 140 r.p.m. which corres- 
pond to piston speeds of approximately 850 
ft./min., 1,000 ft./min. and 1,200 ft./min. 
respectively. 


Min. speed 


Max. speed)" K.E. of engine at mean speed-+-K.E. of loop 
_K.E. of engine at point of mean resistance 


TABLE 5 


Max. speed 
Mean speed 


oe 


Mean T.M. 


3 /Max. TM. g_4y apr T.M.| C aoe 


Mean T.M. 


2,147,300+-80,000 
0-001 _ = 1-0380 1-0190 1-0360 4-1440 3°9 
2,147,300 
669,300 +-80,000 
0-005 —_—__— = 1-1196 1-0598 1-1301 4-5204 4-29 
669,300 
484,550 +-80,000 
0-010 = 1-1650 1-0825 1- 1885 4°7540 4-51 
484,550 
422,900+-80,000 
0-015 = 1-1890 1-0945 1-2193 4°8772 4-64 
422,900 
No flywheel 299,800-+-80,000 
or balance = 1-2670 1-1335 1-3184 5+2736 5-00 
weights. 299,800 
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SHEET—M.O.E. Date 
FILE _REFERENCE,— Dwe. No. 


MAIN OIL ENGINES-SHAFTING. 
Vessel’s Name 
Shipbuilders Yard No. 


Engineers Engine No. 
Ocean Going, Great—Lekes, Srcoth Water. 
§ Veena foes cate lar 


Service Conditions H br at No. of Screws. 2 


Makers Type Maximum Pressure 950 Ib/in* 
Grits 2.5.C5A MLP. 95 'blig? Check MiP _ 505% 10°x 1000 OF Ibj-e 
+ hi ~ eeS tas ane z 
No. of Cylinders 5, M.E.P 145% 19 x 320«5+0:83 7 
Daa. of Cylinders 144% LH.P 
Stroke Ig. BHP. 1000 
Span of Bearings 7% R.P.M. of Engine 320 
Dia. of Flywheel 38 ft R.P.M. of Propeller. 320 
Weight of Flywheel 8 fons. Dia. of Propeller. 73" 
WD’ of Balance Weights —- Screwshaft Witheat Continuous Liner. 
CRANK SHAFT. 
Pins & Journals Webs } Steel Factor= 0-966 (Based on U.TS) 
j Tensile Strength ... +——— 34-38 fons /in? es 
Material) Yield Point - se Min™ 20 fons/int —— 
Forged steel | Elongation .. . 2 Min? 23% —_——~ | Firing Order [. 5. 2.3.4. 
™ 
” I 
Coefficient—PxL = 950 «(7% = 16,500 P P 
Coefficient—C xp xS = 93 »95*«19 a 16, 800 
Total=10.000 = : 
otal 3°33 2 4 
. —r" Per Rule Proposed 1" 
ea eee etn NN. S/o, be es = | . 
Shaft dia. d — 4/ rue) WV lak 3:33 &8a" | Pins 94 
Using sleel factor 0-9667888 = 858° . 
Crank Webs. Journals lo 
Built, h =0-625 = <... 


0. 
t=V = =. 
Dowel Pins, No. and Size ae 
Shrinkage Allowance— — .° 
Solid, breadth = 1-33d = 1-33x 868 z ne” 134 
thickness = 0-56d = 0-56« 888 = 499" : 44 
Bt* 293 in? 268 in)’ 
Centre Web—(2 Cranks between bearings) t=1-4 x0-56d =-784 x . aay 
Allowance for Material.—Steel Factor = 0-966" 293 = 263 iq? 
FLYWHEEL SHAFT. Material Forged sleel Tensile Strength | 28-32 fons/m’ 
dia. to be not less than that required for crankshaft = | 8 eg" 9h lapering ita} 3" 
CRANK & FLYWHEEL COUPLINGS. Bolt Material Forged sleel Tensile Strength 40-44 fons/in® 
dia. of bolts 5 (0-95 xd)' _ , /0-857 x 6883 ef i ‘ 
flange thickness ) Af 5 xnxr- “ 35xlo x 65 1624 |) i 
| 4 


Allowance for high tensile sleel /2 = 0-837 p 
©. 0637 « 1624 = 36 | 


1S Dia 


Forged steel! 34-38 lonsfin' urs 
The sem of The U.T.S in fon3/in?_ond Ihe 


percer ation, meosured on the 
Sociely’s Standard Test Pieces te benot 
less Man 57 wilh_a minimum elongation of 17% 


aa g 
g 
i) * 
cs 
6-holes V4 dio on IZ PCD. 
a 


ia 
fs 


THRUST SHAFT 
Forged steel 28-32 tonsfin' Ts 


Individual crankping ond journals fe be round within 0-0005" 
Journol: lar ult 5 moximrmym_error 
of Corcentricity not c ie 

ecrireni pe 


Cronkpins fo be porslict wilt centre of journals 3 mnasimisen 
: re wei pom 


error of porallelisen in ony plone r 
Ao ing of cronkpins lo be wilhin 0-002" measured 
gn_the crankspin_ciecke. 


FLYWHEEL SHAFT 


Forged sleel 26-32 lonsfin' u.ts. 


Fig. 16 


pecinch. 


View looking in direction of arrow A 


ic 
t 


Té 


Screw shaft 
Line shafting 


Flywheel shaft 


Equivalent dia. 

For'dend = /-§) - 9-85" 

Afr end =95x) (-6754) = 86" 
eClspoaee 
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LINE SHAFTING. 
Piston Speed=2xSxR = 2x '% x 320 
D* la.5?x 19 


Ae xS Se a 
“~~ (Wd? +6-24Wr*) xR? 18x 38x 320° 
Ocean Going =1-0 } 
Service Condition Factor ¢ Great Lakes =0-9825 } Cx | 
\ Smooth Water=0-965 J 


3848 


INTERMEDIATE SHAFT. Material Forged steel Tensile Strength 28-32 fons/im' 

tia, CAV BHP.” 4 _ 3.g4g4/_ 000 Beg 3 ee 

dia Re d-38ag\/ —1Ooe ~ | 563 | 6% 

THRUST SHAFT. Material. forged sleel Tensile Strength 28-32 lons/in' 

dia. at collar=I-ld=1-1x 5:63 -| 60° | & 

dia. at coupling=d= pe Ss 63" 8 
Collar ickness aT Z rms er ee 


TUBE SHAFT. Material. 


Tensile Strength 


‘ l-l di 
dia. =) .13q } = x pee 
SCREW_SHAFT. Material Forged sleel Tensile Strength 28-32 lonsfin* 
fald; bs P 78 o . 
[a] dia. in body or top of cone=1-05d-+ @=1-05 x 563 + aa = 6-45 7 
(b} dia, at coupling=1-05d =1-05 x §63 ra 5-91" 64 


“FOR NAVIGATION IN ICE.” 


dia. in body or top of cone =1-05 x dia. [a] =1-05 x 


dia. at coupling = 1-05 x dia. [b] =1-05 x 


Material of Propeller. 


BRONZE LINERS. Continuous liner is fitted ; in one piece : 

fe 4 : . ford % 
thickness in way of bushes t”= 43.035 ease 2 = | Sy * x 
thickness between bushes =0-75 t=0-75 x oa = a = 
STERN BUSH. Length—4d—4x 645° = |. 58° 28° 
COUPLINGS. Bolt Material Forged sleel Tensile Strength 28-32 lons/in' 
dia.of bolls = eld = | 0937 rs, 
din of tate n/t a) gg SO oe 
Screw shaft Coupling, flange thickness= -25d=-25x 5°63 =} la. | ae 
Fillets, radius =0-125d=0-125 x 9-5 = 1188 4 

‘ 

SEPARATE COUPLINGS. Material Forged sleel Tensile Strength 28-32 fons/in’ 
Provision made to resist astern pull. No fitted Key area teqd = Ae 62" = 623in' 


Froposed 


COPY OF EACH APPROVED PLAN IS NOT 
RETAINED FOR REFERENCE 


= (0785415!) +(5f<1h) = 10-02in* 


Surveyor's Initials 


MANGANESE BRONZE 
4-BLADED PROPELLER 


78” DIAMETER 


& holes '$ dia on I4"ecp._ / 


STERNGEAR 
Forged steel screwshoft 28-32 fons/in’ Ut. fitted wilh guometal conlinuoys liner. 


Line shafting coupling bolts 26-32 fons/in_ UIs. 


INTERMEDIATE SHAFT 
Forged slee) 28-32 tons/in' v.ts 


Fic. 17 


Key “T'long +14 wide »!"deep 
8-holes 1% dia on Id"ecp. / 


6-holes Vs dia on I2"FcD 


€€ 
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APPENDIX V 


Rule Proporhions Froposed Proportions 


D = Froposed dia. of pin and journal 
h = 0-625d H = Proposed axial thickness. 


€ = /od? _ o-43g5d T = Froposed eyehole hickness 
h 


hk. th _ 05d+0-4385d _ 1.957 K= 
Fy O-5d Al! 


6 = Shrinkage allowance x a. A= Froposed shrinkage allowance 


I 
Joo 


E = Modvlos of Elasticiky of crankweb material which may be Faker 
as 13,400 fonsfin' (30108 Ib/jn# ). 


Bo Coefficient of frichion between making soctaces. 


Fig. 18 


Considering Grip Torque 


From Lamé, Grip Stress 


el 
= E38 hae 


-. Minimum Rule Grip Torque re 


k?—I 
= fo [Sie |* mdh x Su 


= 6°735 d* uw tons—ins. 
Proposed Grip Torque 


2 D 

- Ea| sKe x DH x su 
K?—I 

ro 1525 4D"H| kK: uw tons—ins, 


The proposed grip torque should be not less 
than the minimum Rule grip torque, and 
assuming that the coefficient of friction p is 
the same in both cases, 


K?—] 

i.e. 6735 d® 10525AD2H> 5 

Graph No. 1 has the values of A D? H as 
K?— 

ordinates, whilst the values of [ Ke ‘| are 


represented by the ratios of as abscissae. 


The curves are based on Rule proportions for 
Rule diameters from 10 in. to 24 in. with the 
minimum shrinkage allowance of +},- 
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Accordingly, for checking purposes it is only 
necessary to fix the point on the graph for the 


proposed values of AD?H and - . If this point 
lies above the eurve for the Rule diameter then 
the proposed torque grip is greater than the 
minimum Rule torque grip. If the point lies 
below the curve then either A, D or H may be 
increased to bring the point coincident with 
the curve. 


Graph No. 1 has been drawn on the basis 
that the values of E and w are equal in both 
eases. It should be noted as mentioned previ- 
ously that H should be not less than 0°56D. 


Considering Hoop Stress 

é, k? +1 
From Lamé, Hoop Stress = ES} 9,2 
+, Maximum Rule Hoop Stress (6 = =!,,) 


13,400 [ 1°877? +1 . 
= = E aaa | = 15-64 tons/in.?. 


The proposed hoop stress given by 13400 A 
K? +1 
peg 
No. 2 and should not exceed 15°64 tons/in.? 


unless the yield point of the crank web material 
is proportionately increased. 


may be found direct from Graph 
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PROPOSED SHRINKAGE ALLOWANCE 


03 


GRAPH N°2 
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Discussion on Mr. Blacklock’s Paper 


SHAFTING CALCULATIONS 


Mr. O. M. CLEMMETSEN 


Mr. Blacklock has obviously done a great 
deal of work in preparing this Paper and seems 
to have had to trace the Machinery Rules quite 
a long way back in order to arrive at the 
formule now being used. I infer from this 
that the same radical reorganisation of the 
Engine Rules has not been necessary as was the 
case with the Ship Rules, to keep abreast of 
modern practice, or is it the case that engine 
design has not changed very much since the 
rules were formulated. 


It would appear from G 104 of the Rules that 
the list of plans requiring submission for 
classification of engines is very smail as com- 
pared with that required for the hull, but, of 
course, this does not take into account the 
work involved in checking the former. Never- 
theless, it seems that, apart from shafting, the 
Society takes no responsibility for the strength 
of the remainder of the engine, such as 
cylinders, connecting rods or pistons. Does this 
mean that these items are not amenable to 
calculation or that engine builders make these 
amply strong, and that failures, other than in 
shafting, rarely occur in practice? Is there not 
the same incentive to save weight in machinery 
as with the hull? The consequences of failure 
of the hull are liable to be more serious than 
in the case of the engines. However, this fact 
does not seem to prevent shipbuilders sub- 
mitting new untried ideas—does this often 
occur in dealing with machinery plans? 


No mention is made of welding in the Paper, 
and I should like to know whether built up 
welded crankshafts or welded flanges on inter- 
mediate shafts have been approved. 


Finally, | should like to say that we on the 
ship side are often inclined to think that mach- 
inery problems can be solved exactly. How- 
ever, I observe from this Paper that the same 
method of approximations with the same 
practice of “erring on the safe side” find their 
place in the checking of engine plans. 


From GOTHENBURG 


The Author is to be congratulated on pro- 
ducing a most informative and _ instructive 
Paper, which will no doubt be of great value 
to Engineer Surveyors in many places. 


There are, however, two points on’ which it 
is desired to comment : — 

(1) On page 3 it is stated that the angle of 
the bend test for cast steel combined crank pins 
and crankwebs is 150°. It is thought this is 
probably a misprint and should be 180°. 


(2) On page 19, the method shown for weld- 
ing the two halves of a jointed screwshaft liner 
together, after they have been shrunk on to the 
shaft, was tried in this country some years ago 
when it was not possible to obtain liners made 
in one piece. Although every care was taken in 
carrying out the work, the method was found 
to be unsatisfactory because cracks appeared in 
the weld. 


The reason for these cracks is that, as both 
halves of the liner are shrunk fast on to the 
shaft, all contraction due to cooling of the weld 
must take place in the weld itself and the weld 
metal is unable to withstand the resultant high 
Stresses. The serious effects on the shaft which 
may result if sea water gains access to it 
through such cracks are well known. 


The method was therefore discarded in 
favour of that shown in the sketch (Fig. A) 
where, due to the fact that the liner does not 
fit tightly between bearings, the contraction due 
to cooling of the weld is spread over the con- 
siderable free length of the liner, with conse- 
quent reduction of the stress to a negligible 
value. 


Because of this it is the practice in this 
country not to accept a jointed screwshaft liner 
unless it is fitted as shown in the sketch and, 
based on our own experience, we feel that this 
method is greatly to be preferred to that shown 
on page 19 of the Paper. 


It also has the further advantage that, should 
cracks occur in the weld at any time and leak- 
age takes place, the shaft is protected against the 
action of sea water by the plastic non-corrosive 
material, insoluble in water, with which the 
Rules require the space between liner and shaft 
to be charged and which will possibly prevent 
the water reaching the shaft at all or, at any 
rate, postpone this happening. 


It would be of interest to learn the views and 
experience of the Author and other colleagues 
in various parts of the world on this question. 


Mr. T. D. SHILSTON 


As in the case of the Paper on “Boiler 
Calculations” Mr. Blacklock’s Paper is very full 
and detailed and does not give much scope for 
discussion but I see that in the first paragraph 
it is stated that this Paper completes the 
description of the work carried out in the 
Engine Plans Department. 


If this were the case our life on the 4th 
Floor would be very much easier. As things 
are, a large proportion of our work is dealing 
with cases which do not comply with the Rules 
or are quite outside the scope of the Rules, when 
considerable basic investigation is required. 
Quite apart, of course, from pumping and piping 
plans, which are a study in themselves, we have 
to deal with components of unusual form or 
materials, novel designs of boilers or engines 
and all sorts of welding problems, to say 
nothing of such things as gas turbines, free 
piston generators, stainless steel autoclaves and 
herring cookers. 


The Paper mentions the use of high tensile 
steels in the construction of crankshafts and the 
limitation usually placed on the allowance of 
steel factors of 0-9 and 0-85, based on the 
ultimate tensile strength and yield point of the 
material respectively. While this is generally 
correct, we have allowed greater reductions of 
crankweb scantlings where the properties of the 
materials used warrant it. High tensile steel is, 
of course, often used to reduce crankshaft 
scantlings as well as to improve the wear resist- 
ance mentioned in the Paper. In many cases 
local hardening of crankpins and journals is 
etfected by induction or case hardening. The 
use of special cast iron for crankshafts is also 
a growing practice and with greater experience 
it is likely to spread further. 


The bending moment function of the heavy 
oil engine crankshaft formula uses the span 
between the main bearings as its beam length, 
as Mr. Blacklock mentions. It is interesting to 
note that we had a case recently where the 
main bearing centres were used, this because the 
main bearings supported cylindrical crankwebs, 
there being no shaft journals in the usual sense 
of the word. 


The mechanical efficiency of heavy oil 
engines is generally taken as 78 or 83 per cent 
as mentioned in the Paper. Builders of engines 
having exhaust gas turbo blowers or super- 
chargers, however, expect a higher efficiency, a 
recent figure claimed being 91 per cent. 


With regard to the protection of screw shafts, 
whilst either continuous liners or oil glands are 
almost invariably fitted, there is still the odd 
case where the shaft has neither, the bare shaft 
running in cast iron bushes with grease lubrica- 
tion. This practice has little to recommend it 
apart from low first cost although for craft 
sailing always in fresh water the shafts may 
have a fair life. 


Mr. S. ARCHER 


The Author is. to be congratulated on a 
thoroughly competent presentation and a very 
clear explanation of the methods and formulz 
used in the checking and approval of shafting 
at Head Office and in those Outports where 
machinery plans are dealt with direct. 


It is always a difficult problem to write a 
Paper dealing with the application of the Rules 
(let alone to discuss one! ), but I think it is even 
more courageous to attempt, as Mr. Blacklock 
does with considerable success, to delve into 
the origin and derivation of Rule formule. 
Even Darwin himself might be excused for 
fighting shy of such an assignment! 


As thinking individuals and (mercifully) as 
members of a democratic institution, each of us 
has probably from time to time held his own 
private opinions about the adequacy or justice 
of a particular Rule requirement or formula. 
Since those who frame and authorise rules are 
only human and since, moreover, marine 
engineering progress will not be denied, it is not 
to be expected that the Society’s Rules can all 
the time legislate for every variation of practice 
or invention, or even that they can be applied 
with equal justice to all cases. Thus, for 
example, the oil engine crankshaft sizes are 


based on the most unfavourable firing orders 
in relation to torque variation and no credit is 
Officially allowed for more favourable firing 
orders. 


Nevertheless, by and large, the Society’s 
Rules for shafting have stood the test of time 
and where they have been found to be out of 
date, they are being progressively revised, not 
only as regards the actual values of coefficients, 
etc., but, where necessary, even by a complete 
change of method or basis. 


Turning to the Paper in detail, on pages 2 
and 3 the Author refers to the use of cast steel 
for crankshaft construction. In this respect it 
is noteworthy that the record of the Burmeister 
& Wain engines having cast steel crankwebs is 
extremely good as judged by the small numbers 
of cracked or broken shafts reported to C.E.S. 
Records. In my view such cast steel crankwebs 
may be very nearly as good as forgings, except, 
of course, where indiscriminate welding repairs 
are attempted in the foundry and where heat 
treatment is inadequate. Could the Author give 
any information as to the relative bending 
fatigue strengths of cast steel and forged steel 
of the quality used for crankwebs? 


On page 7 under “Gearing”, the formule for 
tooth surface stress require some qualification. 
Thus, the value of “p” in the first formula 
when applied to helical gears is not the load 
per inch of face width but rather the load per 
inch of line contact between the helical teeth, 
although for a given set of gears they will, of 
course, be proportional one to the other, the 
constant of proportionality being made up of a 
number of trigonometrical functions of the 


TOOTH FORM 


ick ¥ be hi inch 
7/12 144 50/50 0-371 
7/12 224 A.A. 0-371 
6/10 16 60/40 0-458 
7/10 144 deep 50/50 0-64 
all 20° Br. Stan. 0-636 p 


helical and ‘pressure angles. Fortunately, it is 
found that the tooth surface stress is inde- 
pendent of both helical angle and pressure 
angle. It is, however, inversely proportional to 
the square root of the ratio 


( Working depth of tooth, h ) 


normal pitch, p,, 


Thus, it can be shown that surface compressive 


stress 
; K 
— 8.2. 
jee / Sa 


where K = f x R as ; 


\bfin.? 


The following table indicates how the 
nominal surface stress varies with different 
modern tooth forms under Rule loading. 


Thus, in Mr. Blacklock’s formula, the term 
under the square root sign is not equal to K 
(for helical gears) but to Fass 8 

1 


When adopting the formula for K for Rule 
purposes, the variation in h/p, was neglected 
since at that time tooth form was fairly well 
standardised in marine practice. 


On page 14 I must admit to a certain feeling 
of nostalgia (although of the not-so-pleasant 
kind) at seeing a value of 0-78 quoted for the 
mechanical efficiency of engines driving their 
own injection air compressors. I can still 
vividly recollect the “blood and sweat and 
tears” that went into the process of grinding-in 
recalcitrant valves of injection air compressors, 
a penance which doubtless most present-day 
sea-going engineers can be thankful to escape. 


Value of f, (Ib/in.*) 
Value of with 


constant C Lloyd’s K factors 

in formula 
n/p, | STEYR |. Ko | K-67 
0-636 4,060 36,300 33,200 
0-636 4,060 36,300 33,200 
0-764 3,710 33,200 30,400 
0:917 3,380 30,200 27,800 
0-636 4,060 36,300 33,200 


I believe that, for my sins, I was originally 
responsible for working up the formule on 
page 15 and probably it will have been observed 
that no reference is made therein to stress con- 
centration factors. Despite this omission the 
formule do, I think, reflect in some measure 
the weakening effect of more than one oil hole 
in terms of the average torsional and bending 
stresses taken across the section and, as such, 
probably serve a useful purpose, since stress 
concentration can be taken as about the same, 
however many holes are drilled within reason, 
provided of course the ratio of S/D does not 
vary too widely from one shaft to another. 

On the subject of the calculation of Rule 
sizes for straight shafting of heavy oil engine 
installations, it is possible to look at the 
problem from a rather different point of view, 
somewhat as follows : — 

As assumed for the basis of the present rule, 
the torsional stiffness of the straight shafting is 
taken as infinite. 

Let J., J, represent the total mass moments 
of inertia of engine (including flywheel) and 
propeller, respectively, cee represent the mean 
engine torque applied between J, and J, and t, 
the amplitude of the equivalent simple 
harmonic torque variation abaft the aftermost 
crank which gives the same excess energy, i.e., 
loop area, as would be given by the actual 
torque variation (an assumption of S.H. torque 
variation is not far from the truth in most 
cases). 

Now angular acceleration= 

mass moment of inertia 
torque 
and, with rigid shafting assumed, the total mass 
moment of inertia=J , + Jy 


Thus, maximum simple harmonic angular 
acceleration will be 


—p/?0= te 
Pe “p dgctids 
where 8, =maximum angular displacement of 
propeller from its equilibrium 
steady torque position (in radians 
a2) 

» = Phase velocity in radians per second 
corresponding to the firing fre- 
quency, F, of the particular engine 
having n cylinders at the service 
speed, R r.p.m. 


Thus P. = 27 P —?7eR 

e 60 60 

where e=n for 2- S.C.S.A. engines 
=n for 4- S.C\S.A. engines. 


Clearly, the inertia torque, T;, exerted by the 
propeller under this forced state of oscillation 
can only be balanced by equal and opposite 
torque variations in the straight shafting. 


Thus, T,=moment of inertia of propeller x 
angular acceleration of propeller 


= ped 
Pp e p 
J 


p 
= ~—P__ xt 
J+ BA é 


This equation shows clearly that for mini- 
mum torque variation in straight shafting the 
ratio J,/J, should be as large as possible, i.e., 
heavy engines and light propellers are beneficial 
in reducing inertia torque variation and vice 
versa. 


It may be asked whether the variations in 
propeller torque resulting from the fluctuating 
angular velocity of the propeller in the wake 
stream should not be taken into account also? 
However, calculations made by the writer on 
nine different installations of widely varying 
type showed that the ratio of propeller inertia 
torque to propeller hydro-dynamic torque 
variation ranged from values of 7-2 to 28 with 
an average of 17-3 times. It can therefore 
legitimately be concluded that from a practical 
point of view hydro-dynamic torque variation 
is negligible compared with inertia torque. 


To obtain the maximum torque in the line 
shafting (which is also taken as the basis of the 
present Rules) it is necessary to add to the 
inertia torque, T,, the mean transmission 
torque, T|, and having assigned a suitable 
maximum instantaneous torsional sheer stress, 
it is possible to derive a simple formula of the 
general form: — 

d (inter. shaft)= 


/B.H.P. x G x 
3.8 1 
seh: Pp: ( bie 1.) 


where, 
xX=coeflicient to express harmonic 
forcing torque, t.., in terms of mean 
torque, Tat maximum service 
power and r.p.m., Le., t. =x T). 
engine speed 
propeller speed. 

Suitable values of x can readily be obtained 
as averages from a considerable number of 
published curves appropriate to the various 
classes of engine, i.e., 2- S.C.S.A., 4- S.C.S.A., 
2- S.C.D.A. (with and without exhaust pistons), 
2- S.C. opposed piston, Vee engines, etc., and 
may be tabulated in terms of M.I.P., as are the 
present crankshaft coefficients. 

The foregoing represents perhaps the natural 
approach of the torsional vibration engineer to 
a problem of this sort, who would in most 
cases, I think, consider it a necessary require- 
ment of shaft design that the dynamic charac- 
teristics of the driven unit, be it a propeller, 
pump, blower, etc., should be known, at least 
to a reasonable degree of approximation, before 
selecting his shafting sizes. 

On the other hand, it can also be argued that 
since the mean transmission stresses in marine 
oil engine shafting are very low compared with 
the torsional fatigue strength of the shaft 
material, and since, further, shaft sizes are 
frequently determined from considerations of 
torsional vibration stresses anyway, it should be 
sufficient, in the early design stage, to work to a 
limiting mean transmission stress in conjunction 
with permissible limits of torsional vibration 
stress, it being well known that the limiting 
fatigue stress is only slightly reduced in the 
presence of a small mean stress. 

It is thought that the use of the inertia 

t 

Edd, 
in torsional vibration theory as the undamped 
“equilibrium” torque (or, otherwise expressed, 
“rigid shaft” torque) for a 2- mass system, has 
the merit that it is a measure of the potential 
“excitability” of a given system acted upon by 
a given forcing torque, t,. It would thus appear 
to be peculiarly suited to the purpose envisaged, 
namely, to take some account of torsional 
vibration tendencies. 

The foregoing discussion has been offered for 
the purpose of illustrating the truth of the old 
adage, “There are more ways of killing a cat 
than hanging it”. 


G=>Gear ratio = 


torque expression, T, = known 


Mr. J. W. E. MANSFIELD 


Further to some comments during the 
discussion following the reading of the Paper, 
relating to the use for a number of years in 
certain Crossley engines of cast iron scavenge 
pump crankshafts having hollow pins and 
journals, it may be of interest to illustrate the 
type of design of cast iron crankshaft for heavy 
oil engines which has become - increasingly 
evident in plans dealt with by the Engine Plans 
Dept. since Mr. Blacklock wrote this Paper. 


A typical current design of a crankshaft 
made in spheroidal! graphite cast iron is shown 
in Fig. B, from which it will be noted that the 
pin and journals are hollow, but not of uniform 
cross-section, and that they overlap to a con- 
siderable extent, giving a very rigid shaft. Also 
it should be noted that the oil holes are drilled 
so that they break surface in the pins and 
journals approximately on the neutral axis 
when considering the crank at, or near, the top 
dead centre position, which is the condition of 
maximum bending, and so the effect of the oil 
holes as a stress concentration factor is mini- 
mised. A further point illustrated is the ease 
with which, in cast shafts of this type, the 
strength can be maintained in way of the oil 
holes by suitable bossings. 


The single crank shown in Fig. B is part of a 
six throw shaft intended for a 4.8.C.S.A. oil 
engine developing 145 b.h.p. at 1550 r.p.m., 
but this type of design has been proposed for a 
6-cylinder 4.S8.C.S.A. engine developing 650 
b.h.p. at 750 r.p.m. 


This development in crankshaft design was 
contemplated in a Paper by L. Martinaglia, 
“The Structural Durability of Crankshafts”, 
which was printed in the Sulzer Technical 
Review 1944 and Fig. C reproduced from this 
Paper, illustrates the development of crankshaft 
design from a normal solid crank to a hollow 
cast iron crank somewhat similar in form to the 
ene shown in Fig. B. 


The introduction of spheroidal graphite cast 
iron has allowed an extended application of 
cast iron for crankshafts by virtue of its 
increased tensile strength and fatigue resistance, 
particularly when in the heat treated condition. 
Whilst the employment of this material for 
crankshafts was not pronounced in the initial 
period after its introduction, no doubt due to 
economic reasons, it would appear that these 


have been largely overcome with the result that 
quite large engines now have spheroidal 
graphite C.I. crankshafts. 


The following physical properties have been 
obtained on the material of spheroidal graphite 
cast iron crankshafts in the normalised and 
tempered or oil hardened and tempered condi- 
tions. 


Ultimate tensile strength—Alternating bend- 
40 tons/sq.in. ing strength + 16 

Yield point—32tons/sq.in.  tons/sq.in. 

Elongation—about 5 per Alternating tor- 


cent sional fatigue 
strength pa 13 
tons/sq.in. 


Fluctuating bend- 
ing endurance 
limit 27  tons/ 
sq.in. 


. As with the special cast irons, spheroidal 

graphite cast iron crankshafts are acceptable 
provided they have been manufactured at an 
approved foundry and before such approval is 
given the foundry has to demonstrate that the 
technique employed will produce sound castings 
in quantity with the required physical proper- 
ties, that is, those associated with material 
having the uncombined carbon in_ the 
spheroidal form. It should be emphasised that 
the composition and heat treatment require 
control to fine limits in order to obtain the 
desired results. 


One outcome of the development towards the 
ideal form for cast iron shafts is the increasing 
difficulty found in applying the Society’s Rules 
to the web sections. Whereas the calculation of 
the bt? of the normal forged steel crankshaft 
web is a simple matter involving dimensions 
which are stated on the plan, with the non- 
uniform sections of some cast iron shaft webs 


a more laborious task results and in some cases 
the web sections have to be drawn out to scale 
and a mean value of bt? obtained. This diffi- 
culty had also previously been experienced with 
certain forged steel shafts and further research 
work remains to be done, investigating the 
bending fatigue strength of crank webs of 
different forms, particularly on a_ full-scale 
basis for larger shafts, before satisfactory con- 
clusions can be reached regarding the advan- 
tages of one particular form over another. 


During the discussion at the reading of the 
Paper, Mr. Shilston mentioned a crankshaft 
without webs and a sketch of part of this shaft 
showing the free end may also be of interest 
and this comprises Fig. D. 


This particular crankshaft is intended for a 
12-cylinder Vee 4.8.C.S.A. supercharged heavy 
oil engine developing 1200 b.h.p. at 1500 
r.p.m. and intended for a land installation. The 
crankshaft, an alloy steel forging having a 
tensile strength of 50 tons/sq.in., is supported 
on roller bearings, the inner races of which are 
formed by what appear to be the webs, but 
are in fact diametrically enlarged journals 
enveloping the webs. 


This type of crankshaft permits the utilisa- 
tion of practically the whole of the engine 
length for the main and bottom end bearings, 
with the result that though the shaft is short, 
and so favourable from the point of view of 
vibrations, ample dimensions are possible for 
the roller bearings on the shaft and plain bear- 
ings on the crankpins. 


In conclusion I would like to congratulate 
Mr. Blacklock on this Paper, which, together 
with the first part dealing with boilers and 
air receivers, will provide an insight into some 
of the work carried out in the Engine Plans 
Dept. and a most useful introduction for 
Surveyors joining the department. 
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AUTHOR’S REPLY 


Before replying to the discussion I would 
draw attention to the graphs on pages 2, 36 and 
37. Unfortunately the co-ordinates did not 
reproduce on the blocks made by the printers, 
but may be drawn in as follows: — 


Page 2. Horizontal and vertical co-ordinates 
at 9 mm. spacing. 

Horizontal and vertical co-ordinates 
at 22:5 mm. spacing. 

Horizontal and vertical co-ordinates 
at 21 mm. spacing. 


Page 36. 


Page 37. 


The following printing errors should also be 
corrected : — 
Page 6, line 9. The reference to page 8 should 
read page 15. 


Page 17 at bottom right-hand column d,= 
Actual diameter of shaft. 


Page 23. Under the heading “Column 2 Gas 
Pressure” the proportion of stroke 
should read “x” and not “a” which 
has been substituted in three places. 

Page 35. In the left-hand column the sign > 


should be deleted and the sign 
< placed between 6:°735d* and 


K:1 
25AD* 
105254D°H [ex] 


Reply to Mr. CLEMMETSEN 


Mr. Clemmetsen’s remarks, coming from a 
Ship Surveyor, are particularly refreshing to 
hear, even if they infer that the Engineers are 
“feather bedded” in comparison to their ship 
colleagues on plan approval work. 


Engine design has certainly changed through- 
out the years and will continue to change in 
spite of the conservative approach that is 
usually credited to Marine Engineering, and I 
would refer Mr. Clemmetsen to Mr. Shilston’s 
remarks. 


In general, the most highly stressed part of 
any engine system is the shafting and gearing 
and, in addition, is usually of a complex nature 
for which it is desirable to formulate Rules. 
Other engine details are designed in accordance 
with the engine builder’s practice, and it would 
be unwise to limit designers on such details in 


the light of their own experience. The desire 
to save weight, or in other words increase the 
power/ weight ratio, is usually accompanied by 
exhaustive test bed trials which are not 
applicable to ship design. Further, successful 
land experience with novel types of engines 
can be taken into account when dealing with 
“untried ideas” to which Mr. Clemmetsen 
refers. 


Mention is made of welding in the paper, 
but only in connection with screwshaft liners. 
The use of welding on built-up crankshafts and 
intermediate shaft flanges is not approved, and 
several catastrophic failures have occurred 
through the indiscriminate welding of forgings 
and castings subsequently dressed to escape 
detection by normal survey inspection. 


Reply to GOTHENBURG 


At the time of writing the paper the bend 
test required for cast steel combined crankwebs 
and pin was 150°, but in 1956 it was decided 
to bring the testing requirements into line with 
steel forgings which call for a 180° bend test 
piece. 


A screwshaft liner in two pieces having a 
relieved bore would serve to reduce contrac- 
tion stresses in the longitudinal direction in the 
same way as in a complete liner, and is a 
preferable form of design. 


Reply to Mr. SHILSTON 


I am indebted to Mr. Shilston for his 
remarks which bring out more clearly the 
detailed investigations carried out in the 
Engine Plans Department, which could not be 
fuily described in the paper. 

With reference to the hardening of crankpins 
and journals, it may be added that magnetic 
crack detection should be applied in all cases 
where crankpins or journals are flame or 
induction hardened. 


The use of a higher mechanical efficiency, 
for determining the M.I.P., than that quoted in 
the paper, is justified when such an efficiency 
can be checked against the results from similar 
engine types. 


In view of technical evidence showing that 
for ordinary mild steels there is no corrosion 
fatigue limit and, given sufficient time, failure 
will occur under quite low stresses, the need 
for special care in preventing access of sea 
water to stressed shafts is obvious. Accord- 
ingly, one looks with despair at a plan of a 
bare mild steel screwshaft without oil gland 
being proposed for new buildings which, as 
Mr. Shilston states, is occasionally submitted. 


Reply to Mr. ARCHER 


No doubt any treatise on the strength of 
shafting and gearing would whet Mr. Archer’s 
appetite, and this paper has provided suitable 
bait for his valuable comments. 


There is a very limited amount of informa- 
tion on the bending fatigue strength of cast 
steel. The most recent work is given in 
Proceedings A.S.T.M. 1956 “Fatigue Properties 
of Comparable Cast and Wrought Steels”, 
Evans, Ebert and Briggs, although the cast steel 
is not the type used for crankwebs, a typical 
chemical composition of which would be:— 


Carbon 0-2 per cent 
Manganese 0°5 per cent 
Silicon 0°45 per cent 


Fatigue results of forged crankpins and webs 
are adequately covered in Dr. Dorey’s paper, 
“Strength of Marine Engine Shafting”, N.E.C. 
Trans. 1939, 


The detailed remarks on gearing are particu- 
larly interesting and enhance the value of the 
paper. 


Having regard to the size of oil holes in 
crankshafts, the ratio $8/D and not S/D is 
obviously intended where 8 is the diameter of 
oil holes. 


Mr. Archer’s new approach to the determina- 
tion of the sizes of intermediate shafting merits 
close attention. Failures in intermediate shaft- 
ing are extremely rare, which implies that the 
past and present Rule formule provide an 
adequate factor of safety, if at times a little 
obscure. Accordingly, the argument would 
have been more complete with a comparison 
of shafting sizes derived by the proposed 
formula and the present Rule formula for 
typical installations. In the absence of this 


information, I would venture to suggest that 
this formula gives increased sizes which would 
be strongly opposed by engine _ builders. 
Further, it could be expected that widely 
varying values of “x’’, which is a function of 
the harmonic coefficient, would be proposed 
by different engine builders necessitating 
lengthy examination of torsiograph records, 
and resulting in much preliminary investigation 
to establish acceptable values. In my opinion 
Mr. Archer rightly defines this factor as “x”, 
the traditional unknown quantity ! 


However, in certain cases where large 
fluctuations in torque are expected, or com- 
paratively heavy propellers are proposed, this 
formula would give results in closer agreement 
with the loading conditions of the shafting 
system. 


It is concluded that J,, also includes the usual 
25 per cent allowance for entrained water. 


Reply to Mr. MANSFIELD 


The notes and sketches are a welcome addi- 
tion to my remarks on cast iron crankshafts. 
Mr. Mansfield’s plea for research work on the 
bending fatigue strength of cast crankshafts 
has already partially been answered by the 
results of investigations carried out by Mills 
and Love*. Of the conclusions reached the 
following are of special interest : — 


1. A change of fillet radius from 0-031 to 
0-125 of the crankpin diameter produced 
an 85 per cent increase in bending fatigue 
strength. Fillets undercut into the web face 
caused a considerable reduction of strength. 


tr 


Increase of crankweb thickness or breadth 
gives an increase of bending fatigue strength, 
but the improvement is not as great as the 
resulting increase of crankweb_ section 
modulus. 


Proportions exceeding breadth=2D and 
thickness=0°45D give only a very small 
increase of strength. 


3. The introduction of lightening holes up to a 
certain size results in an increase of bending 


* The Institution of Mechanical Engineers Proceedings 
1948-49. Fatigue Strength of Cast Crankshafts, H. R. 
Mills and R. J. Love. 


fatigue strength, the optimum hole size 
being about 0°4 of the crankpin diameter. 
A large hole can also be used with very 
good results if it is made eccentric with the 
crankpin axis. 


An increase of overlap produces an increase 
of fatigue strength. However, above a 
certain crankthrow an increase of “negative 
overlap” also produces an increase of 
fatigue strength. 


12 


For the shaft under test, a mimum crank- 
shaft strength was obtained at an overlap of 
—0°15 of the crankpin diameter. 


With regard to item 2, it is interesting to 
compare the Rule modulus of crankwebs with 
the limiting values quoted, from which it 
appears that the Rule proportions are in close 
agreement. 

Rule bt? =0°417d* 

With proposed limiting values bt? =0°405d°. 
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ALIGNMENT OF MARINE ENGINES 


by 


B, HILDREW 


HE main purpose of this short paper is 
to introduce more fully to the Outports 
the technique adopted by the Engineering 


Research Department to determine the errors 
in the shafting alignment of any ship. 


It is considered that a brief statement relating 
to the method of alignment commonly used in 
new construction and a review of the sources of 
error inherent in such a technique will help to 
point some of the advantages of the instrument 
developed by the Society when it is used to 
check the alignment of a completed installation. 


1. INSTALLATION PROCEDURE 


The usual method of aligning the shafting in 
a vessel is to utilise a ,!,” diam. light source in 
the engine room at the designed position of the 
crankshaft centreline and sight from the stern 
frame boss in order to obtain the line for the 
boring bar and the shaft centre at the inter- 
vening line shaft bearings. After the stern tube 
and tailshaft are fitted, the intermediate shafts 
are run out complete with shaft bearings and 
supported at two points on blocks. The blocks 
are adjustable in order that the faces and 
peripheries of the coupling flanges may be trued 
prior to reaming and fitting the coupling bolts. 


As the intermediate shafts sag about the 
supports due to their own weight by an amount 
depending on the point of support, it is difficult 
to ensure that a true alignment between the 
tailshaft and the future position of the crank- 
shaft is being followed; the error possible in this 
respect is considerable and may be reduced by 
supporting each shaft at three positions. 


Other sources of error in the assembly are: 


(a) Coupling face not machined true to the 
axis of the shaft. 


(b) Bent shaft. 


In so far as vertical error is concerned there 
is a certain amount of permissible error which 
can be rectified by chocking the engine. Correc- 
tion of horizontal alignment is limited by the 
proximity of the holding down bolts to the 
longitudinal girders of the engine seating. 


It is desirable in the case of both horizontal 
and vertical errors to realign from the tailshaft 
coupling, although it is realised that the error 
can be “lost” by spreading it over a number of 
couplings and thus aligning the shafting to form 
a catenary. If done with care, only a small 
bending stress is introduced into the shaft 
system. 


An alternative method of alignment is to use 
a plano wire with a known tensile load to 
provide the shaft line. Care must be taken to 
correct for the catenary, and over the distances 
involved in a large marine installation the 
correction necessary may be considerable. Here 
again the Engine Research Department has 
recently developed this simple technique and a 
full description of the apparatus required is 
given in a recent paper.! 


The technique to be described in this paper 
is not readily applicable to the assembly of 


» BUNYAN, T. W., April, 1955. ‘Practical Approach to 
some Vibration and Machinery Problems in Ships”. 
Transactions of Institute of Marine Engineers, Vol. 67. 


shafting as discussed above, but it can be used 
as a check after assembly. In general, the 
normal method of assembly is satisfactory 
providing the work is carried out with care and 
the initial sighting is true. 


2. Causes OF MALALIGNMENT IN SHAFTING 


The troubles associated with shafting may be 
caused by: 


(a) Original errors in assembly as indicated 
above. 


(b) Weardown of the stern bush wood. 


Alignment of shafting alters with wear- 
down of the stern bush and at the point 
where rewooding is usually considered 
necessary it is possible to have a high 
bending stress in the tailshaft, which con- 
dition may be further aggravated by shaft 
corrosion due to excessive stern gland 
leakage. Thus the conditions for failure 
of the tailshaft in bending fatigue at 
comparatively low stresses are present. 


The after plummer block of tankers is 
extremely sensitive to malalignment, and 
considerable care should be taken during 
assembly and in the servicing of this 
bearing. 


The weardown of the wood in a stern 
tube may be accelerated due to: 


(1) A heavy overhung propeller (vide 
T.2 tankers). 


(2) Excessive hydrodynamic forces 
acting on the propeller blade caused 
by: 

(a) non-uniform wake charac- 
teristics, 


(b) insufficient clearance of the 
propeller in the aperture. 


(3) Operation in sandy or shallow 
water. 


(c) Deflection of the tank top. 


The weight of the engine on the tank 
top deflects the ship structure slightly. 
Allowance should be made for this in the 
original lining up. If the crankshaft 
deflections of the aftermost crank are 
excessive in new construction, it is possible 
that due to the tank top deflecting, the 
alignment of the crankshaft to the 
shafting is suspect. 


(d) Change of alignment due to the loading of 
the ship. 


When the shafting is installed in a 
vessel and later whenever it is disturbed 
and realigned, a careful assessment of the 
alignment related to the loading of the 
vessel at the time of taking readings is 
necessary, and the alignment should be 
adjusted to ensure that the shafting will 
operate satisfactorily under all conditions 
of loading. Elastic deflections of the hull 
from light to loaded conditions may 
amount to as much as 1” per 100’ length. 


(e) Change in alignment due to the vessel 
working in a seaway. 

A high bending stress introduced in the 
shafting system to effect closure of the 
coupling faces can be further increased 
when the vessel works in a seaway, and 
the measured bending stress in the line 
shafting should be assessed with this 
factor in mind. 


(f) Lack of maintenance. 


Movement in service of plummer block 
bearings, thrust block or engine on chocks. 


(g) Grounding of hull. 


3. Purpose oF ALIGNMENT INDICATOR 


In order that the above problems relating to 
shafting could be better evaluated, it was con- 
sidered desirable to be able to determine shaft 
alignment without disturbing the coupling bolts 
or the plummer block bearings. 


Accordingly, a high sensitivity strain gauge 
has been developed which gives a direct 
measure of the cyclical bending strains in line 
shafting and from which the malalignment in 
the horizontal and vertical planes may be 
obtained. 


The curves of alignment obtained indicate the 
way the shafting is lying between the thrust 
block and the after plummer block. The curves 
also indicate the relative alignment of the tail- 
shaft and the crankshaft. 


In general, if the alignment lies on a smooth 
curve without any undulations and if the 
maximum error is small in relation to the length 
of shafting, loading of the vessel, etc., it is 
unnecessary to alter the condition. However, a 
large bending moment and consequently a 
large shaft stress must be dealt with and the 
relative position of the plummer blocks re- 
adjusted. 


Se ee 


4. DescrirTION or ALIGNMENT INDICATOR 


A sketch of the alignment indicator is shown 
in Fig. 1. 


It consists of an Invar chassis (6) stiffened at 
each end and supported by two key steel blocks 
(5) screwed to the chassis. A ‘““Tufnol” canti- 
lever (3) with a hardened steel insert and point 
cemented to the toe (4) is secured to one steel 
block, and a connector socket (7) for the electric 
resistance strain gauge leads is fitted to the 
other block, which is further equipped with two 
high speed steel gauge points (1), thus providing 
the instrument with three point supports. 
Electric resistance strain gauges (2) are cemented 
fore and aft on the “Tufnol’’ cantilever and 
wired to the connector socket. 


The instrument is clamped along the shaft at 
any desired position with piano wire tensioned 
by a jubilee clip. It is essential that the rig be 
absolutely rigid. 


The turning gear is utilised to turn the shaft 
one complete revolution and strain gauge 
readings are taken at 90° intervals from a 
Baldwin Southwark strain indicator connected 
by a flexible lead to the connector socket. 
Occasionally it is necessary to turn the shaft 
through two revolutions before a reliable repeat 
of the initial reading is obtained. The strain 
gauges require a short period of time to settle 
down to a different ambient temperature at 
different positions of the instrument along the 
shafting. From the measurements of the 
bending strains induced in the ‘““Tufnol”, the 
bending moment in the shaft in the vertical and 
horizontal planes may be determined. 


With the shafting in true alignment the only 
bending moment is due to the deadweight of 
the shafting and from concentrated weights such 
as propeller, main gearwheel, etc., acting in the 
vertical plane. When malalignment is present, 
other bending moments are added vectorially to 
those due to deadweight. By positioning the 
instrument at points of inflexion where the 
deadweight bending moment is zero, the readings 
of strain obtained are dependent on the mal- 
alignment alone. The points of inflexion may be 
generally assumed to be 20%, of the span either 
side of a plummer block centre line. 


The estimated bending moments at each 
of the gauge positions are resolved horizontally 
and vertically, bending moment diagrams are 
constructed and by the usual graphical method of 
double integration the curves of bending deflec- 
tion are obtained. The deflection curves so 


obtained are relative to the two datum points— 
generally the tailshaft coupling and the thrust 
shaft-crankshaft coupling. The bending moment 
and deflection curves indicate (1) whether the 
tailshaft and the crankshaft are in alignment, 
and (2) the adjustments necessary to the 
plummer block bearings to reduce the bending 
stresses in the shaft line to a minimum. As 
indicated above, apart from the simple graphical 
calculation necessary to estimate the malalign- 
ment, the results obtained must be interpreted 
in relation to different loading conditions, tail- 
shaft weardown, and the flexibility of the 
installation. 


The advantages of the equipment are obvious. 
No shaft couplings have to be broken and, 
providing the turning engine works, the align- 
ment in the horizontal and vertical planes, even 
of a midship installation, can be checked in 
2-3 hours. It is usual, if any alterations in the 
alignment are made, to re-check the alignment 
before permitting the vessel to sail. 


5. Meruop or DrrERMINING MALALIGNMENT 


The readings of strain obtained from the 
strain meter are plotted against the angular 
position of the shaft (Fig. 2). It should be noted 
that when a large fluctuation of strain is recorded 
it is preferable to obtain six or more readings to 
construct this curve. 


From the curve are obtained the values of 
Om, the angle at which the ordinate is a 
maximum, and of U where 2U is the peak-to- 
peak amplitude of the curve. Using a constant 
K for the instrument, the bending moment M 
at the point under review is then determined 
from 

M = KU. 

The bending moments so obtained at each 
position along the shaft are resolved into 
horizontal and vertical components, i.e.: 

M, = M sin 9 

M, = M cos 9 
The signs associated with these values are taken 
as follows: 


) My My 
O—90 _ -f- 
90—180 = — 
180—270 + - 
270—360 ot =f 


The vertical and horizontal bending moment 
diagrams are then drawn. The method of con- 
struction is indicated below. In this instance the 
vertical components of bending moment have 


been used (Fig. 3). 


The positions of the plummer block bearing 
are marked off.to a suitable scale (1 unit—x, 
ins.) and a vertical line drawn through each. 
The values of M are then plotted to scale 
(1 unit=x, lb. ins.) and the bending moment 
diagram is obtained by joining these points to 
form a series of straight lines intersecting at the 
vertical lines through the bearings. A similar 
diagram is constructed for the horizontal 
bending moment. 


Tt should be noted that if the shafting lengths 

are not all the same diameter, the values plotted 
M 

should be those of —. The bending moment 
I 


diagram consists geometrically of a series of 
triangles and trapezia. The individual areas of 
each of these are determined (1 sq. unit= 
X, X,—=x, lbs. in), and the positions of their 
centroids G, G, G;. Vertical lines are drawn 
through each centroid 2,2), 2222, g.g;. A polar 
diagram consisting of vertical vectors whose 
- lengths are proportional to the areas (1 unit= 
x, lbs. in.’) is then constructed starting at one 
end P and moving progressively along the B.M. 
diagram (Fig. 4). 


Starting at an arbitrary point O, vectors 
proportional to the areas of the triangles and 
trapezia are marked off (01, 12, etc.). Areas 
below the datum line (i.e., negative bending 
moment) are represented by vectors acting in 
the opposite sense. A suitable pole Y is chosen 
at a polar distance y from the vectors, the ends 
of which are joined to the pole. 


The slope diagram is then constructed. 
Starting at point P' representing the bearing P 


of the shafting, draw PQ parallel to YO to 
intersect g,g, at Q. From Q draw QR parallel 
to Y1 to intersect g.g. at R and so on along the 
shafting, terminating at T' on the vertical 
through bearing T. The result is a series of 
straight lines forming the envelope of the 
deflection curve. This deflection curve is now 
constructed by drawing a smooth curve tangen- 
tially to the envelope. The straight line P'T" 
joins the end points of this curve and the deflec- 
tions of the intermediate bearings A, B and C 
relative to the end bearings P and T are given 
by 3A 3B 8C, due regard being paid to the 
scale, 
1 
i.e., 1 unit = —— x, X y. 


The sign conventions throughout have been 
chosen to ensure that the deflection curves drawn 
by the above method give the actual sense of 
the existing shafting, i.e., if A is positive, then 
bearing A is high or to port. 


Bearings can now be brought into line by 
adjusting their positions 5A 8B, etc., in the 
reverse sense. 


If the stern tube and crankshaft are out of 
alignment, a state of affairs exists as shown in 
Fig. 5, and it will be appreciated that a high 
bending stress will be introduced in the vicinity 
of the thrust and the after plummer block if 
the bearings are placed in true alignment. 


In such a case the bearings would be adjusted 
to ensure the deflection of the shafting lay on 
a smooth curve provided that the maximum 
bending stress is reduced to acceptable pro- 
portions. 
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ALUMINIUM IN SHIPBUILDING 


by 


R. P. HARRISON 


INTRODUCTION 


S this session of the Association immedi- 
A ately follows the centenary celebrations of 
aluminium as a commercial metal it is 
perhaps not amiss to have included in our Trans- 
actions a reference to the metal and its applica- 
tions in shipbuilding. 


Aluminium in some form has been known to 
man for almost two thousand years, but it was 
just over a hundred years ago that the metal was 
first isolated and used commercially. The London 
Exhibition last year adequately demonstrated the 
progress since made in the commercial adoption 
of aluminium and its alloys and gave considerable 
publicity to the marine applications over the last 
twenty-five years. 


The demands by aviation for the metal have 
steadily increased from the time of the Zeppelins 
until maximum consumption was attained during 
the last war. Following the war, when military 
demands diminished, it was not unnatural that 
some outlet should be sought for the geared-up 
production; this has led to strenuous efforts to 
increase the amount of aluminium alloys used in 
shipbuilding and boatbuilding. 


The advantages of light alloys with a marine 
application have been repeatedly expounded in 
the numerous papers and booklets published since 
1945. The metal and its alloys do, however, 
suffer from one major disadvantage preventing 
their wider adoption. This drawback will persist 
as long as the average price of plate and sections 
remains as high as £300 per ton. 


The other disadvantages of aluminium such as 
selective corrosion, low melting point, high co- 
efficient of expansion, joining difficulties, ete., 
are much easier for designers to digest than that 
of price. 
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It is to be hoped that the increasing introduc- 
tion of atomic power might provide the means of 
cheap electricity necessary for economical extrac- 
tion of aluminium. This could lead to light alloys 
replacing the more conventional materials to a 
greater extent. 


It must be acknowledged that naval architects 
were early in realising the possibilities of the 
metal, and late in the last century several small 
boats of almost pure aluminium had successful 
careers in such places as the Swiss Lakes where 
the water is fresh. 


The need to increase the strength of aluminium 
led shipbuilders to the adoption of alloys contain- 
ing copper and an interesting description appears 
in the I.N.A. Transactions of 1895 of a 60-ft. 
torpedo boat built of an alloy containing 6 per cent 
copper. As would now be expected this boat was 
doomed to failure, and it is interesting to note 
that in the discussion on the Paper describing the 
building of the boat, warnings of possible cor- 
rosion troubles were given. The Chief Ship 
Surveyor of the Society at that time indicated in 
the discussion his appreciation of the virtues of 
the new material, but was quite adamant over his 
preference of steel for shipbuilding. 


After this early failure, it was not until the 
corrosion resisting magnesium alloys were 
developed in the late ‘twenties that marine 
interest was again stimulated. Possibly 1932 
heralded the commencement of greater activity in 
the adoption of light alloys for such purposes as 
lifeboats and other small eraft while later in the 
*thirties saw the introduction of small deckhouses 
on board larger vessels. 


An experimental boat yard established in 1930 
by one of the major aluminium producing com- 
panies was responsible for building the 55-ft. 


motor launch “Diana II”. This vessel was com- 
pleted in 1931 and was the first light alloy craft 
to be classed with the Society. Although the 
launch was highly successful, no records exist of 
other boats being classed up to 1939 even though 
many light alloy craft ranging from rowing boats 
to 65-ft. patrol boats were constructed between 
those years. 


Little or no progress could be made to further 
the use of aluminium during the war period, but 
due to the efforts made by the industry in the 
post-war years, the amount of aluminium used in 
shipping has inereased rapidly. The need for 
quality control in this development became acute 
and after discussion with the Admiralty and the 
Aluminium Development Association the Society 
in 1947 introduced tentative requirements for 
aluminium alloys. These requirements are still in 
force with only slight modifications from the 
original, which reflects credit on the drafting. 


The next logical development was in 1948 when 
the Society instituted a list of approved manu- 
facturers of aluminium alloys, and at present 
more than 30 establishments situated in Europe 
and Canada appear on this list. 


The introduction of a materials specification 
and approval of works by the Society has since 
been justified by the increase in the number of 
aluminium alloy small craft classed with, or built 
under the supervision of Lloyd’s Register. 


In the remainder of the Paper this resumé is 
enlarged upon by general notes on the history of 
the metal, its ores and extraction therefrom, and 
its alloys. A brief description is also given of 
methods of joining and of some design considera- 
tions together with the practice adopted for 
approval of such items as deckhouses, hatchway 
covers, lifeboats, side seuttles, ete. The appendix 
contains extracts from British Standards covering 
various alloys suitable for marine work. 


Some of the above items are sufficiently con- 
troversial to form the subject of individual 
papers, and it is not therefore the intention to 
deal with them in great detail, but rather to give 
the general background and office practice so far 
as the United Kingdom is concerned. It is hoped 
that the Paper will thereby serve as a starting 
point for other contributions to the Staff Associa- 
tion on the use of aluminium in shipbuilding. 


HISTORICAL 


It was in 1855 that Professor St.Claire Deville 
displayed a bar of about one eubie centimetre of 
aluminium at the famous Paris Exhibition and 
as already mentioned in the introduction, the 
Aluminium industry arranged an exhibition in 
June, 1955, to mark the centenary and _ to 
emphasise the increasing use of aluminium as 
commercial metal. 


The existence of the metal had, however, been 
known almost 50 years before the Paris Exhibi- 
tion and it is rather ironic that the metal, which 
is most abundant (about 8 per cent of earth’s 
crust), should have proved so difficult to extract 
from its natural form. The British scientist 
Sir Humphrey Davy, beween 1807 and 1812, 
attempted without success to isolate the metal by 
means of electrolysis from clays which had been 
treated with sulphuric acid to form sulphates of 
aluminium and other metals. Although an alloy 
of aluminium and iron was produced the alumin- 
ium could still not be isolated, and failure ean 
be now attributed to the lack of a suitable fluxing 
material. Davy did, however, propose that the 
metal should be called aluminium by which name 
it is now known in the United States and Canada. 


Following the failures of Davy, other means of 
separating the metal were pursued. About 1824 
an amalgam of aluminium with mercury had been 
produced chemically by the Danish chemist 
Oersted. 


Globules of the metal itself were later produced 
by Wohler using modified chemical methods at 
the German University of Gottingen. These 
globules were sufficient to study some of the 
properties of aluminium, especially its lightness 
in weight. The results of Wohler’s work were 
published in 1845. 


Professor St.Claire Deville, following the 
chemical means of extraction, was able to im- 
prove processes and demonstrate larger samples 
of the metal to a scientific meeting held in Paris 
in 1854, the year preceding the Paris Exhibition. 


It is of interest to note that at the time of the 
Exhibition the cost to produce the metal is 
vaguely estimated to have been between £50,000 
and £140,000 per ton, if indeed it could have been 
produced in that quantity. Records indicate the 
first article to be produced in aluminium was a 
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rattle for the son of Napoleon III in the year 
1856. This toy, together with other articles such 
as plate, cutlery and trinkets, may have attracted 
the attention of the Emperor, for he gave finan- 
cial backing to help develop this light metal for 
military purposes. There appears to have been 
slow progress in the next twenty-eight years, for 
in 1884 under ten tons of aluminium were pro- 
duced at a price of about £10,000 per ton. It is 
understandable, therefore, that the metal was at 
that time used mainly for jewellery and other 
similar luxuries. 


The development of aluminium would probably 
have been arrested had it not been for Charles 
Martin Hall in Ohio, America, and Paul Louis 
Toussaint Heroult in France, who, working 
independently, found simultaneously the means of 
producing aluminium electrolytically, which they 
both patented in 1886. They found that a 
translucent brittle rock obtainable only in Green- 
land, namely the mineral cryolite, that it, 
sodium aluminium fluoride, would act as a fluxing 
material for alumina (aluminium oxide) when 
molten at about 1000°C. (the melting point of 
alumina being in the region of 2000°C.). The 
main principle in the process was that if an 
electric current was passed through a molten 
solution of eryolite containing 5 to 15 per cent of 
alumina, the aluminium oxide separated into 
aluminium and oxygen. This process had the 
advantage that the aluminium so formed was 
heavier than the molten solution of eryolite and 
alumina and could be tapped off at the bottom of 
the container. The properties of cryolite were 
almost unaffected and it could then dissolve 
further alumina. Hence it will be seen the pro- 
cess could be operated continuously. 


This process is followed today with the excep- 
tion that a war-time shortage of natural eryolite 
resulted in the production of synthetic eryolite in 
about 1940, and this synthetic material is widely 
used at the present time. 


The effect of the electrolytic method of extrac- 
tion was twofold, in that production rose from 
around 20 tons in 1886 to just under 8,000 tons 
at the close of the last century, while the price 
fell to £165 per ton over the same period. The 
fact that aluminium is around this price today 
with a world production so near as can be 
estimated of three to four million tons, indicates 
the progress made at that time. 


In tracing an outline of the sequence of events 
in the development of aluminium, it must be 
mentioned that Bauxite was soon recognised as 
the ore richest in alumina (the aluminium oxide 
content). This was originally mined and takes its 
name from Les Baux near Arles in the South of 
France where it was discovered by Paul Berthier, 
a French chemist, in 1821. Between the years 
1887-1892 Karl Joseph Bayer, an Austrian, 
evolved a process for the preparation of alumina 
from Bauxite which was patented and is still the 
commonest process in use today. 


The references so far made have applied to 
the production of pure or nearly pure alumin- 
ium. Demands for strength in the metal how- 
ever, resulted in the production of a series of 
aluminium alloys. It is of consequence to note 
that early work in this field was carried out by 
the German scientist Dr. Alfred Wilm, when he 
discovered in the year 1907 the means to age- 
harden an alloy containing copper and mag- 
nesium. This discovery led to the Duralumin 
patent in 1909, the duralumin alloys being 
developed for aeronautical purposes, especially 
the Zeppelins of the First World War. The name 
duralumin applied to certain types of alloys is 
derived from the Durener Metal Works in Duren 
to whom Wilm gave sole rights to work his 
patents and care should be taken not to confuse 
this with the present-day trade name Duralumin. 


The “Y” alloys containing copper, nickel and 
magnesium—used for pistons—were the result of 
further work by the N.P.L. around 1914. More 
recent developments have been the high duty 
alloys, clad alloys of the “Alclad” type, the 
“Alpax” casting alloy containing silicon, and ithe 
corrosion-resistant aluminium-magnesium series 
of alloys started in the latter half of the 1920's. 
Many of these alloys are now established and 
covered by British Standard Specifications. 


It would be wrong to assume that alloys were 
not produced until after the discovery of age- 
hardening; this was merely a step which led to 
the further development of aluminium alloys. It 
is on record that a British firm by the name of 
Cowles in the late 1880’s produced aluminium 
bronze and other alloys by the electro-thermal 
reduction of alumina mixed with carbon and 
copper. 


MARINE APPLICATIONS 


Naval architects were not slow to appreciate 
the potentialities of the metal as is shown by the 
building of an aluminium launch in Zurich in 
1891. 


It is understood that several such craft were 
built for use on the Swiss Lakes, but the first 
sea-going vessels of any appreciable size were 
60-ft. torpedo boats constructed by Messrs. 
Yarrow & Co. in 1895 for the French Govern- 
ment. 


The tests on the alloy material prior to con- 
struction of the torpedo boats, and some features 
of the boats themselves are described in a paper 
in the 1895 Transactions of the I.N.A. The 
paper does not describe the corrosion troubles 
that were subsequently experienced on account of 
using an alloy containing 6 per cent copper, 
which completely marred this early endeavour. 


Numerous small craft were constructed about 
this time but it is likely that corrosion troubles 
and the lack of suitable alternative aluminium 
alloys of adequate strength were responsible for 
an avoidance of the metal which lasted many 
years. 


It was not until the late ’twenties when the 
corrosion-resistant aluminium-magnesium alloys 
were developed that a boat of the calibre of 
“Diana II” could be envisaged. “Diana II”, a 
twin screw petrol-engined yacht of dimensions 
55 x 12 x 5.7 ft., was completed at Southampton 
in August, 1931, to the classification of the 
Society. Aluminium alloys were used for the 
main hull shell and frames, superstructure, fuel 
and water tanks, also other sundry fittings. The 
structure was riveted, the rivets being eold 
driven. During her career this vessel has with- 
stood severe service with doubtful attention and 
when available for inspection at the Aluminium 
Exhibition in June, 1955, she appeared in 
excellent condition after almost a quarter of a 
century in commission. 


Other notable successes in the Aluminium- 
Magnesium boat era have been the 65-ft. long 
18-knot patrol eruiser “Interceptor” built in 
1934 for the Royal Canadian Mounted Police, and 
the 28-knot Swedish motor yacht “Edi” which 
was built in 1940 and is over 100 ft. in length. 


The yacht “Gulvain”, built to class in 1949, 
with many sailing successes to her credit, cannot 
escape mention, nor can the yacht “Four 
Freedoms” which is famed for remaining water- 
tight after being rammed by a steel trawler at 
the last Spithead Review. 


Without exception the vessels so far named 
have been all riveted, but last year saw the first 
all-welded aluminium alloy yacht pass into 
service. This yacht, “Morag Mhor”, is a 72-ft. 
twin screw ketch rigged vessel, classed with the 
Society. She has had widespread publicity in the 
various shipping periodicals and it is not there- 
fore intended to deseribe the construction here. 
It should be mentioned, however, that welding of 
the main structure was carried out by the self- 
adjusting are process. 


About 1934 a prototype lifeboat was built and 
passed successfully many trials. This undoubtedly 
led to the building and employment of many light 
alloy lifeboats. It was recently stated that some 
3,500 alloy boats had been constructed since the 
end of the last war. 


- Barges are an example where the lightness of 

aluminium can be employed with advantage 
especially if trading is to be carried out in 
shallow rivers where draught is restricted. In 
tropical rivers where wood suffers attack from 
marine borers and steel the effects of severe cor- 
rosion, the corrosion-resisting properties of 
magnesium alloys appear very attractive. In 
addition, as barges are usually subject to con- 
siderable bumping, the low modulus of elasticity 
further enhances their other attractions. 


The building of small craft has been only the 
beginning of marine applications. In 1938 a 
Danish vessel was fitted with a small light alloy 
deeckhouse which was perhaps the first time that 
aluminium alloys had been used for this purpose. 
The following year light alloys were used for 
deckhouses in the 9,000 tons dwt. Norwegian 
vessel “Fernplant” where it was estimated that 
40 tons of steel were replaced by 14 tons of alloy. 
The amount of light metal used for merchant 
ship superstructures has steadily increased since 
the end of the war and a stage has been reached 
where some large passenger ships have several 
tiers of houses in aluminium alloy. These vessels 
include such ships as “Andrea Doria”, “Antilles”, 
“Bluenose”, “Flandre”, “Santa Maria”, “Vera 
Cruz” and “United States”. 


The last ship mentioned is outstanding so far 
as the quantity of alloy used is concerned and 
although available information for this vessel is 
limited it has been indicated that some 2,000 
tons of light alloys have been used in the follow- 
ing manner. ‘The 600-ft. long superstructures 
account for 1,000 tons; lifeboats, funnels and 
masts for 400 tons; and internal bulkheads and 
furniture for 600 tons. The structure has been 
riveted and the number of rivets used is stated 
to be in the region of 1,200,000. 


It has been claimed that the use of aluminium 
in the “United States” procured a 15-20 per cent. 
reduction in the displacement and while the 
material for the deckhouses cost more than steel, 
the overall cost of the ship due to the reduced 
displacement was probably less than for an all- 
steel ship. It must be mentioned in fairness to 
other ships with alloy superstructures that it is 
understood the “United States” has main strength 
members of steel within the alloy houses. 


At the present time the Norwegian passenger 
ship “Bergensfjord” is fitting out at a British 
port. This vessel is notable not only for the 
extensive use of aluminium in the superstructure, 
but also for the fact that welding has been em- 
pleyed to the almost complete exclusion of other 
methods of joining the material. 


In drawing attention to ships with large alloy 
deckhouses, the many ships with lesser houses 
should not be overlooked. In the majority of 
these eases alloy has been adopted principally 
because of its low magnetic properties rather 
than for a saving in top weight and is used in the 
near vicinity of the ship’s compass. 


There is a ease, however, for the use of 
aluminium in small ships such as trawlers and 
whaleeatchers and in circumstances where addi- 
tional structures are being added to the topsides 
of existing ships. The latter was recently illus- 
trated in a whale factory vessel where a light 
alloy flight deck and hangar for a helicopter were 
installed after the ship had been in commission 
for some years. 


The Canadian-built ship “Sunrip”, of 12,825 
tons dwt., which was completed in 1954, is of 
some interest in that aluminium alloys have been 
incorporated for many purposes such as welded 
houses midships and aft, funnel, hatch beams and 
cover boards, lifeboats, davits, ventilation trunk- 
ing, window frames, ladders, awning supports, 


engine room flooring and gratings and piping. 
This piping includes air and sounding, bilge and 
ballast and water systems in accommodation, but 
normal materials were required within machinery 
spaces. 


The “Sunrip” has done much towards demon- 
strating the possible applications of aluminium 
and as a classed ship should reveal during her 
periodical examinations any weaknesses in either 
the alloys or methods employed for the preven- 
tion of corrosion, ete. 


Hatchway beams and covers of all types are 
receiving much attention at the moment on 
account of alloy construction offering greater 
portability over corresponding wood and _ steel 
construction. One or two ships have been fitted 
with alloy covers and so far the covers have with- 
stood successfully the usual rigours of handling 
in service. 


Other marine applications of aluminium alloys 
have been to fish holds in trawlers where the fish 
is unaffected by contact with the metal, and to 
items such as radar platforms, lifts and gang- 
ways where the saving of weight is the attraction, 
and to heating coils where corrosion in ferrous 
materials is an acute problem. 


The applications referred to so far have applied 
to merchant ships and due regard must be paid 
to the utilisation of aluminium in naval ships. 
The Washington Naval Treaty of 1922 restricted 
the displacement of new warships and as a result 
light alloys were soon adopted for fittings, ete. 
About 1925 duralumin-type alloys were used 
for the bridge structure of the destroyer 
“Ambuseade”. Corrosion troubles, as would now 
be expected, were subsequently experienced with 
these copper bearing alloys. 


The corrosion-resisting magnesium alloys have, 
however, been used with suecess in the conversion 
of various naval craft, in the upper works of 
certain recent vessels, in framing of composite 
ships such as minesweepers and patrol boats and 
for the streamlining of superstructures in sub- 
marines. 


One of the latest ventures in Naval circles is 
the building of an all-aluminium all-welded high 
speed patrol boat, and no doubt the service 
experience with such a eraft should be interesting 
indeed. 


THE RAW MATERIAL 


Aluminium is present in almost all common 
rocks with the exception of sandstone and lime- 
stone. The forms in which the metal can be 
found are sapphire and corundum, where 
it occurs as the hard anhydrous oxide. When 
combined with fluorine it is found in topaz and 
eryolite, and with silicon in the clays, micas and 
felspars. The only ore of commercial value, 
however, is bauxite, which contains a hydrated 
form of aluminium oxide (chemically Al, O, 
3H,O) caused by the weathering of igneous or 
voleani¢ rocks. The bauxite usually contains im- 
purities such as iron, silicon and titanium in 
various chemical forms. 


The conditions which influence the formation 
of bauxite deposits affect both the colour and 
texture of the ore. The colour may vary from 
white, grey or cream to pink or reddish-brown 
according to the iron oxide present, while the 
texture may be knotty, hard and crystalline or 
earthy, soft and porous. 


Concentrations of bauxite are found in three 
main forms, namely, blanket, interlayered and 
pocket deposits. 


Blanket deposits are found in tropical or semi- 
tropical regions, at or near the earth’s surface in 
seams usually about 20 ft. thick. The ore is 
worked by mechanical diggers in a manner 
similar to that for open cast coal. 


Interlayered deposits have been formed by 
blanket types being submerged and later covered 
by fresh deposits. The outcrops can be worked 
as above but the deeper deposits are sometimes 
extracted by inclined shafts, like Kent coal. This 
type of deposit is found in France and Greece 
where, in the case of the former country, some 
deep mining is also carried out. 


Pocket deposits have been caused by irregulari- 
ties in the rock strata on which the bauxite was 
formed and examples of these deposits can be 
found in Jugoslavia and Jamaica. This type of 
deposit may be connected with a continuous bed. 
Where pockets are exposed they can be worked 
with mechanical diggers or even by hand. 


It is estimated that the earth’s crust contains 
about three times as much aluminium as iron, if 
not more, and asa result of rich deposits of 
bauxite occurring throughout the world the 


industry is in an excellent position so far as its 
raw material is concerned. The principal sources 
of the ore are the Guianas (South America), 
Indonesia, Jamaica, Malaya, U.S.A., West Africa 
and some European countries; other countries 
such as India and Australia are now developing 
their own resources. 


The best grades of ore are naturally those with 
the maximum alumina content combined with 
impurities causing the least inconvenience. As 
mentioned, iron oxide, silicon and titanium are 
present in varying quantities in nearly all 
bauxites. Titanium does not adversely affect the 
ore, high iron oxide content has the disadvantage 
of increasing the amount of waste matter to be 
handled and silicon the great drawback of 
forming sodium aluminium silicate during refin- 
ing which reduces the yield of alumina. Other 
impurities such as calcium, potassium and mag- 
nesium may be present in varying amounts. 


In practice, the amount of silicon present in 
the ore, which takes the form of silica (SiO,), is 
generally not allowed to exceed 5 per cent, 
usually it is around 3 per cent. Iron oxide in 
bauxite can be as low as 2 per cent in ores from 
the Western hemisphere, but it is understood that 
poorer grades with a content of up to 20 per 
cent are now commonly used for the production 
of aluminium. <A 7 per cent iron oxide would 
represent a fair average figure. 


Ores very often receive some form of prelimin- 
ary treatment before being transported to the 
refining plants. This treatment usually involves 
crushing and washing to remove surplus clays or 
silica-bearing materials and in some eases where 
a long haul is involved or low temperatures are 
to be encountered the ore may be dried in rotary 
kilns. This preliminary treatment is known as 
“beneficiation” and its employment depends 
much upon the grade of the ore. 


The annual world production of bauxite is 
estimated at about fifteen million tons per annum 
and the following list gives an interesting com- 
parison of production in the various regions. 


British Guiana 16 per cent 


Duteh Guiana (Surinam) ees dines, 
U.S.A. (mainly Arkansas) 19 Starts 
Jamaica Diane Ries 
France Di sdi ee 
Jugoslavia SY soutien 


Greece 2 per cent 


Italy 2 ” ” 
West Africa 3» 9 
Indonesia & Malaya 2» » 


U.S.S.R. (estimated) 
Australia, India 


16» 
Developing fields 


The world’s greatest producer of aluminium 
at the present time is America and there, home 
production of bauxite is only sufficient for about 
half the industries’ requirements. Most of the rich 
deposits have been exhausted and low grade ores 
are now being exploited. The U.S.A. also takes 
up most of Surinam’s bauxite as well as a sub- 
stantial quantity from Jamaica, a country where 
the production of bauxite is increasing rapidly. 


Canada imports bauxite mainly from British 
Guiana with a steadily increasing amount from 
Jamaica. 


British imports of bauxite are from France 
and the Gold Coast, the latter being yet another 
region where production is on the increase. 


THE EXTRACTION OF THE METAL 


The extraction of aluminium from bauxite is 
carried out by two distinet steps, both of which 
involve processes that have been in use for about 
60 years, with only slight modifications. 


Converting the bauxite to alumina (aluminium 
oxide) constitutes the first operation and the 
means employed is that developed by Bayer. This 
process consists of mixing crushed bauxite with 
caustic soda and heating the mixture under 
pressure in steam jacketed autoclaves known as 
“Kiers”. The aluminium hydroxide dissolves 
forming sodium aluminate and the other impuri- 
ties are left in suspension. By subsequent settling 
and filtering the impurities can be removed in 
the form of “red mud”. 


The filtrate is then pumped into precipitation 
tanks where a “seed charge” of pure crystalline 
aluminium hydroxide is added and the solution 
agitated to precipitate the dissolved aluminium 
hydroxide. When nearly three quarters of the 
hydroxide has been precipitated the action is so 
slow that it is discontinued. The contents of the 
tank are filtered to collect the fine erystals of 
aluminium hydroxide and the now weak solution 
ean be used again after being concentrated in 
evaporators. 
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The erystals are washed to remove traces of 
eaustie soda. Then, to convert the hydrate erystals 
to an oxide, they are heated in large rotary kilns 
to between 1100°-1500°C. which drives off the 
chemically combined water as steam, leaving high 
purity alumina in the form of a very fine white 
crystalline powder. This last action is known as 
“ealeining”. It is estimated that in this, the 
Bayer process, the alumina is of about 994 per 
cent purity. Approximately two tons of bauxite 
and one and a half hundredweights of caustic 
soda are required to produce one ton of alumina. 


The process discovered simultaneously by Hall 
and Héroult is still used to separate the alumina 
into aluminium and oxygen. It is interesting to 
note that in the journal of the Institute of 
Metals, March, 1955, the attempts made to find 
improved methods of producing on a commercial 
scale during the last 60 years were reviewed and 
it was concluded that no process can compete 
economically with the Hall-Héroult and Bayer 
methods. 


At most plants the Hall-Héroult process is 
operated in a large number of separate reduction 
cells or furnaces. These consist of steel boxes 
lined with suitable thermal insulation and carbon 
which forms the cathode or negative of these 
electrolytic cells. An average size for these boxes 
at the end of the war was about 15 x 8 x 3 ft.; 
the thickness of the carbon lining being around 12 
inches. In operation the cell is filled with molten 
eryolite containing about 5 per cent alumina in 
solution along with other substances to lower the 
melting point. The anodes consist of consumable 
carbon rods hung from busbars over the cell. 
Direct current at low voltage and high amperage 
is passed through the electrolyte from the anodes 
near the surface to the carbon forming the lining 
of the cell. The passage of this heavy current 
maintains the temperature of the furnaces at 
about 1000°C. and breaks down the alumina in 
solution into molten aluminium and oxygen. The 
aluminium, which is more dense than the eryolite 
solution, sinks to the bottom of the cell where it 
can be either tapped or suctioned off, while the 
oxygen as it rises to the surface combines with 
the carbon of the anodes and is liberated as 
carbon monoxide. Some of this carbon monoxide 
burns at the surface of the electrolyte to form 
carbon dioxide and eventually a mixture of these 
gases is liberated to the atmosphere. 


During the process little change takes place in 
the eryolite, which enables the process to be 
operated on a continuous basis by the addition of 
more alumina as the molten metal is claimed. 


The anodes which are made from coke, tar 
and pitch, and baked for strength and durability, 
have to be replaced at quite regular intervals. 
The carbon lining lasts somewhat longer, usually 
about three years. 


As alumina contains almost 50 per cent oxygen 
it will be realised that to produce one ton of 
aluminium two tons of alumina are required and, 
during this reduction process, about half to three 
quarters of a ton of the carbon anodes will be 
consumed. 


It is difficult to deseribe in detail the reduction 
cells as over the years these have tended to 
inerease in size, for example, one British company 
in 1896 employed furnaces of 8000 amperes and 
these have been increased in size by stages until 
that company are now operating 100,000 ampere 

cells. As a guide in the production of the metal 
it can be mentioned that roughly 20,000 kWh of 
electricity are required to extract one ton of 
aluminium. 


The aluminium from the reduction furnace is 
remelted to remove dross and then cast into 
ingots. 


Tf aluminium of extremely high purity is 
required this can be obtained by further electro- 
lytic refining. 


The pure metal is rarely used in shipbuilding 
and alloys are formed by. adding the necessary 
alloying elements. Magnesium can be added in 
its natural metallic form, but other elements such 
as copper and manganese require to be made into 
“hardeners” of intermediate composition before 
being added. 


The high cost of aluminium has an important 
bearing on the large amounts of scrap material 
utilised in the production of alloys. Because of 
the alloys available it is necessary that all 
material produced in a plant should have adequate 
means of identification so that serap material can 
be readily recovered and re-used. 


The approval of works producing aluminium 
alloys by the Society is effected in much the same 
way as for steelworks, and subsequent testing of 
materials serves to ensure that there is con- 
sistency of quality in the alloys. 


ALUMINIUM ALLOYS 


The possibilities of high strength/weight ratios 
with aluminium has led to a constant research 
into ways of improving its structural qualities, 
also its casting properties. The means of 
achieving this is well known, namely, that of 
alloying the metal with various other elements to 
bring about improved qualities. The following 
indicates generally the effect of some of the prin- 
cipal elements now alloyed with aluminium. 


Copper renders the alloy sensitive to heat treat- 
ment, results in high strength both at normal 
and elevated temperatures. Reduces resist- 
ance to corrosion, especially inter-crystalline 
corrosion. 


MAGNESIUM improves resistance to corrosion in 
marine atmospheres, increases strength and 
enables the alloy to be work hardened. 


MANGANESE increases strength with slight loss in 
ductility, improves resistance to corrosion 
and permits work hardening of the alloy. 


Nicxet. Not so important as the other main 
elements alloyed but confers strength at 
elevated temperatures. 


Sizicon. The great virtue of this element is its 
ability to improve the casting qualities of an 
aluminium rich alloy, also results in an alloy 
susceptible to heat treatment. 


Zinc. This element is used with magnesium for 
the production of the strongest of all alumin- 
ium rich alloys which has a strength/weight 
ratio superior to high tensile steel. Such 
alloys are, however, difficult to produce and 
form. 


These are the principal elements alloyed with 
aluminium. Small quantities of other elements 
such as titanium, cadmium, tin, sodium, ete., are 
also used either to improve the grain structure, 
heat resisting or casting qualities. Iron is 
generally present as an impurity. It is most 
unusual if the total of all alloying elements 
exceeds 15 per cent in any alloy. 


The composition of alloys suitable for ex- 
truding, forging or rolling is seldom the most 
ideal for easting and as a result two distinct 
groups have emerged, namely, “wrought” alloys 
and “casting” alloys, of which details are given 
in the Appendix for those of each group used in 
shipbuilding. 


In addition it will be observed that some 
elements alloyed with aluminium have the effect 
of making it heat treatable or susceptible to work 
hardening, both of which are a means of 
improving the alloys’ strength. Considerable con- 
fusion has existed over these two important types 
of alloys on account of the group deriving 
strength from alloy composition and work 
hardening being called NON-HEAT TREAT- 
ABLE while those in the other group which 
obtain their properties almost entirely from 
specific heat treatment being designated HEAT 
TREATABLE. 


It is important to realise that a heat treatable 
alloy which depends upon certain heat treatment 
at the time of manufacture for its strength 
should not under any cireumstances receive indis- 
criminate heating, as this will serve only to 
destroy the physical properties of the alloy. In 
the case of non-heat treatable material which 
derives a certain amount of its strength from 
work hardening, it is permissible to apply a 
limited amount of heat for such purposes as 
forming or welding. This heating will simply 
tend to anneal the alloy provided it is not too 
excessive or prolonged. 


In British Standard Specifications all wrought 
non-heat treatable alloys are designated by the 
letter N, while the letter H denotes heat treatable 
alloys. Following these letters are numbers 
which distinguish the particular alloy com- 
position. 


Casting alloys are indicated by the letters L.M., 
while numbers following again signify the par- 
ticular alloy. (It should be noted that the 
numbers denoting composition of wrought and 
east alloys do not coincide.) 


It may perhaps be to advantage to mention the 
other letters used in the British Standard Speci- 
fication nomenclature which indicates the form, 
condition and process of manufacture of the 
alloys most closely associated with marine work. 


Form of material 


S=Sheet (up to 0-252” thick) 
P=Plate (usually above 0-252” thick) 
E=Extruded bars, rods and sections 
R=Rivet stock 

T= Drawn tube 

W=Wire 

F= Forgings 


Condition 


O=Annealed condition 
OD= Annealed and lightly drawn (wire rivet 
stocks) 
M=As manufactured, i.e. as rolled, extruded, 
forged, ete., without subsequent work- 
ing or heat treatment. 


With non-heat treatable alloys 7H, 4H, }H 
and H are used to denote the various degrees of 
temper or work hardening. It is not possible to 
relate the amount of work hardening to strength 
as this varies with composition and method of 
manufacture of an alloy. 


In the ease of heat treatable alloys where the 
alloys can receive their physical properties from 
two distinct heat treatments, namely, solution 
treatment and precipitation treatment, which are 
both described later, the letter or letters used 
have the following meaning :— 


W=Material which has been solution treated 
and will respond to precipitation treat- 
ment. 

WP=Material which has received both solution 
and precipitation treatment. Often 
referred to as “fully heat treated”. 

T=Material which has been solution treated 
and requires no precipitation treatment. 

P=Material which has been precipitation 
treated only. 

TD=Material which has been drawn after 
solution treatment (some rivet stock 
material). 


The following give examples of how the nomen- 
clature is used— 


NS 44H ~ Sheet material of 4H temper in 
non-heat treatable alloy No. 4. 

HE 10 WP Extruded sections in heat treat- 
able alloy No. 10 which are 
fully heat treated. 

LM 10 W_ Casting alloy No. 10 solution heat 
treated. 


Something must be said about the heat treat- 
ment processes to which reference has already 
heen made. The first process is generally solution 
heat treatment which makes use of the fact that 
certain of the alloying elements are taken into 
solid solution at a temperature of 450°-540°C. 
depending on the alloy, and can be retained in 
this state by rapid cooling by quenching. Solu- 
tion heat treatment is generally carried out in a 


“salt bath” which is a tank containing molten 
sodium nitrate, or an air furnace, where the metal 
is allowed to soak for a short while before being 
quenched, usually with water. 


Immediately after quenching a heat treatable 
alloy is in its most ductile or soft state and if 
possible forming should be carried out then as 
natural ageing will thereafter harden the metal. 
All heat treatment alloys are subject to some 
degree of ageing, which is the precipitation 
through the metal of finely divided alloying 
constituents that serve to reinforce effectively the 
aluminium. 


In some cases if the alloy is allowed to age 
naturally a stable condition is reached in about 
five days. These are “single heat treatment” alloys. 
However, other alloys respond to further heating 
to around 150°C. for 10-20 hours so as to 
increase strength by further precipitation or 
artificial ageing. This is called “precipitation 

heat treatment” and is the final stage of a fully 
heat treated material. 


It may be mentioned that it is possible to delay 
the onset of natural ageing immediately following 
solution heat treatment by storing the material 
in a refrigerator. This has been made use of in 
the case of heat treatable rivets. 


The non-heat treatable alloys which obtain 
their strength from composition and work 
hardening do not respond to heat treatment with 
the exception that they can be annealed; that is, 
the effects of work hardening may be removed by 
heating to about 360°C., depending on the alloy. 


The heating should be earried out quickly and 
accurately and should not appreciably exceed the 
recrystallisation temperature, as prolonged soak- 
ing or higher temperatures result in excessive 
erystal or grain growth which reduces the 
mechanical properties of the alloys. 


It should be noted that there is sometimes a 
risk of explosion if non-heat treatable alloys are 
placed in a salt bath as used for solution heat 
treatment. 


To summarise, the wrought alloys can be 
divided into two types and the following shows 


briefly the various alloys in each type and their 
uses— 


Heat treatable alloys— 
Aluminium—copper—magnesium—silicon. 


Alloys widely used in aireraft and other 
highly stressed structures. Sometimes “clad” 
with pure aluminium to improve corrosion 
resistance. 


Aluminium—zine—magnesium. 


These alloys have been recently developed 
and are the strongest of all the alloys. 
Almost entirely confined to aireraft work; 
difficult to produce and work. 


Aluminium—magnesium—silicon. 


These are the only heat-treatable alloys which 
have a marine application on account of 
having a copper content of °15 per cent or 
less. Not quite as strong as the Al-Cu-Mg-Si 
group, but much better resistance to cor- 
rosion. 


Non-heat treatable alloys— 


Aluminium—manganese. 
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An addition of up to 14 per cent manganese 
increases the strength of aluminium with 
only a slight reduction in ductility. This 
range of alloys has good corrosion resistance 
properties and is used widely for building, 
packaging and kitchen ware. 


Aluminium—magnesium. 


Alloys used mainly for marine work on 
account of their high resistance to corrosion, 
their tensile strength, good fatigue strength 
and both workability and weldability. 


The alloys in the casting group are very 
numerous. However, it may be generalised that 
on account of pure aluminium resulting in poor 
castings it is alloyed mainly with either silicon, 
copper or magnesium. With silicon the alloy will 
have excellent foundry properties, and without 
other elements will be used “as cast” when it will 
be of fairly low strength, but ductile and with 
good resistance to corrosion. Copper results in 
the alloy having strength and susceptibility to 
heat treatment, but reduces resistance to corrosion 
and good foundry qualities. When magnesium is 
used in quantity as the main alloying element a 
very tough heat-treatable alloy can be produced 
with excellent resistance to corrosion. 


As there are many alloys within each of the 
main groups given, it is not proposed to give 
details for all alloys produced, but rather to 
confine attention to those alloys principally used 
in ship or boat construction. 


THE ALLOYS FOR MARINE USE 


The prime requirements governing the suit- 
ability of aluminium alloys for marine work are 
resistance to corrosion coupled with adequate 
strength, and ability to be easily worked and 
welded. The demand for alloys to be weldable is in- 
creasing as riveting is gradually being abandoned. 


These requirements almost entirely eliminate 
the heat treatable alloys on account of the 
majority having a copper content in excess of 
‘15 per cent. It is considered that the presence 
of copper in such quantity would undoubtedly 
lead to corrosion troubles on exposure to a 
marine atmosphere. There are, however, three 
alloys of this type, namely, H10, H20 and H30, 
which are covered by British Standards and 
which could be used in shipbuilding. It is under- 
stood that due to manufacturing difficulties with 
1110 alloy, H20 was introduced and subsequently 
these two alloys are now being displaced by the 
latest alloy H30. The difference in the alloy 
compositions of the three alloys are small as will 
be seen from the tables in the appendix. 


Turning to the non-heat treatable type of alloy 
there is no doubt that the aluminium-magnesium 
series of alloys such as N4, N5, N6 and N7 
possess the desirable qualities required for marine 
work and should continue to prove successful. 
These alloys are covered by British Standard 
Specifications and details of each are also given 
in the appendix. 


The Society’s Tentative Requirements for 
aluminium alloys now cover sheet and plate above 
‘18-inch thick and sections of 13” x 14” x -18” and 
above, A chemical composition is given for both 
types of wrought alloy as follows— 


Non-heat treatable aluminium alloy. 


Copper not more than 0-10 per cent 
Magnesium _,, Be yn POO ay ty, 
Tron ss Uta wane ay 
Silieon ” ” ” 0-60 ” ” 
Manganese ” ” ” 1-00 ” ” 
Chromium __,, > po U-DOM ee 
Zine ” ” ” 0-10 ” ” 
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Heat treatable aluminium alloy. 


Copper not more than 0°10 per cent 
Mapnesiam #5) en el bO aes, 
Tron ” ” » 0-60 ” ” 
Silicon ” ” ” 1-30 ” ” 
Manganess: 45, 4, 5, L00= ee, 
Chromium ” ” » 0-50 ” ” 
Zine ” ” ” 0-03 ” ” 


These chemical compositions give considerable 
latitude, but the mechanical properties also 
specified serve to ensure that the alloys have 
sufficient strength and ductility. The breakin;z 
strength required is 17 tons per square inch with 
a 0-1 per cent proof stress of eight tons per 
square inch and an elongation of not less than 10 
per cent on a gauge length of 8 inches or 12 per 
cent on a gauge length of 2 inches. 


The Society’s Rules also give the requirements 
for rivet material; it is, however, the intention to 
deal with this under the section on riveting. 


Casting alloys are not mentioned in the Rules 
and where these have been submitted for 
approval they are usually dealt with on the basis 
of British Standard Specifications. 


There are many who favour the suygestion that 
the number of alloys available for shipbuilding 
should be reduced to one standard alloy. There 
is much to commend this view when one considers 
the usual method of storing and working alloys 
in shipyards. 


Plate material (usually -253 inch thick and 
above, but sometimes from -18 inch thick) does 
not generally present much difficulty in this 
country as NP5/6M has been standardised as a 
plate alloy and it is unusual to see heat treatable 
alloys used for this purpose. 


Extruded sections are generally of NE6M, but 
due to the ease in extruding heat treatable alloys 
and the possibility of up to 20 per cent reduction 
in price there seems to be a desire to adopt HE10, 
20 or 30 for sections. 


It is in sheet material (below -18 inch thick) 
that the greatest variety is found, partly due to 
physical properties and partly to economics. It 
may be stated that NS4 is the cheapest alloy for 
sheet, while NS5 and HS10 solution heat treated 
both rank slightly higher in price and NS6 and 
HS10 fully heat treated are still more expensive. 


Some extrusions and sheet material do not 
quite attain the mechanical properties required 
by the Rules, but many of these can be accepted 
with sometimes a slight scantling adjustment; 
however, such cases require to be considered on 
their merits. 


THE WORKING OF ALUMINIUM ALLOYS 


Light alloys ean be subjected to most shipyard 
operations associated with steel fabrication so, in 
general, existing plant is suitable for the working 
of aluminium. In working alloys higher rates of 
production are obtained with operations such as 
cutting, drilling and planing, but due allowance 
must be made for the fact that certain steel form- 
ing tools are likely to bruise aluminium and that 
flame cutting is not as yet satisfactory; the tools 
used should be polished and sharp to achieve the 
best results. 


The non heat-treatable alloys are most suited 
_ to shipyard working as they can be worked at 
temperatures up to about 425°C. when necessary, 
although much lower temperatures are often suffi- 
cient to assist in forming. This heating does not 
seriously affect their mechanical characteristics. 
It is useful to know that when heat is applied 
to aluminium alloys a soft wood stick will 
leave a brown char mark when the safe form- 
ing temperature has been reached. Tempilstik 
crayons, which melt at specific temperatures, can 
be used for a more accurate estimate of tempera- 
ture. 


Although it has been mentioned that flame 
cutting is not yet satisfactory as a shipyard 
process, a method is being developed whereby a 
steel instead of an alloy electrode is used in 
standard inert-gas metal-are welding equipment 
which serves to cut aluminium in such a way that 
an edge suitable for welding is obtained without 
further preparation. It is understood that certain 
drawbacks exist with this method, especially in 
regard to excessive fumes. 


The various operations such as marking off, 
shearing and punching, hot and cold forming, 
cutting, planing, drilling, ete, are fully 
deseribed in A.D.A. Information Bulletin No. 18, 
“The Working of Aluminium in the Shipyard”, 
and certain observations are contained in the 
Notes for Guidance issued to Surveyors with 
Cireular No. 1880. 


THE JOINING OF ALUMINIUM ALLOYS 


Aluminium and its alloys can be joined by 
several methods which resolve themselves into the 
following broad categories :— 


(a) Welding 

(b) Riveting and bolting 
(c) Brazing 

(d) Soldering 


(e) Bonding by adhesives 


Although it is possible to make joints by these 
various processes not all of them are suitable for 
marine adoption; indeed, within the scope of 
welding alone, only certain types of welding can 
be considered for main marine structures. As 
some of the methods may be satisfactorily incor- 
porated in non-structural items such as furniture 
and decorations, a reference will be made to these 
processes and to the sources from which further 
information may be obtained. 


As stated, only riveting and certain types of 
welding are permissible for large structures. It 
is considered that as welding has an outstanding 
economic advantage over riveting, coupled with 
the fact that experienced riveters are becoming 
scarce, it will not be long before welding is the 
main joining method used in such structures. 
This view is further enhanced by the fact that in 
light alloy material it is much easier to obtain 
watertightness with welding than with riveted 
joints, also that while joint strengths in certain 
welding processes do not always compare favour- 
ably with the strength of the parent metal, they 
do compare satisfactorily with a riveted joint. 


Riveting cannot be altogether dismissed as yet, 
for it is the only method for making joints in 
isolated structures where a builder might be 
otherwise faced with large capital expenditure 
for welding equipment. 


The bonding of aluminium alloys by means of 
adhesives has not yet been widely adopted by the 
marine world but, from the successes achieved by 
the use of this method in the aireraft industry, it 
would appear that it could perhaps be incor- 
porated with advantage in the structures of some 
small craft. 


It is now proposed to deal with the various 
joining processes as follows— 


WELDING 


Aluminium can be welded by both fusion and 
resistance processes. The fusion group includes 
gas welding, which has been used for over half 
a century, and the more recent Atomic Hydrogen, 
Weibel and Technotherm-Rakos processes. 


The history of resistance welding is rather 
obseure, but it is known that welding with coated 
electrodes (metal-are welding) has been carried 
out since the ’twenties. In more recent times the 
Argon Are process was developed and from it 
has followed the inert-gas shielded metal-are pro- 
cess which embraces both “self-adjusting are 
welding” and “controlled are welding”. The 
resistance group also includes carbon-are, stud, 
spot, seam and flash welding. 


Before enlarging on the various methods of 
welding it would perhaps be to some advantage 
to mention the diffieulties connected with the 
welding of light alloys. 


The thermal conductivity of aluminium alloys 
varies between three and five times that of steel, 
while the melting point of these alloys may lie 
only between 520°C. and 650°C. The metal is 
eovered by an extremely tenacious thin natural 
layer of aluminium oxide which re-forms rapidly 
in a normal atmosphere when broken by cleaning 
or other means. The oxide film increases in thick- 
ness as temperature rises and its melting point is 
somewhere above 2,000°C. which is approaching 
the boiling point of the alloys, while, in addition, 
the electrical conductivity of the oxide is both 
variable and indifferent. 


It will be seen that due to the rapid dissipa- 
tion of heat on account of high thermal con- 
ductivity it is necessary to employ electrical 
currents of higher density than is usually asso- 
ciated with the welding of steel. In addition, the 
welding must be carefully controlled to avoid the 
danger of “burning through”, due to the low melt- 
ing point. In some welding processes pre-heating 
is extensively used. 


The oxide film which prevents globules of 
molten metal joining freely together is dealt with 
in two ways—either it is dissolved by fluxes as in 
the fusion and metal-are (coated electrode) pro- 
cesses or it is broken and dissipated by the 
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cleansing action of the electric are and prevented 
from reforming by welding in an inert gas atmos- 
phere such as in the argon-are and inert-gas 
shielded metal-are processes. 


The fluxes used in the fusion and metal-are 
processes generally contain chlorides and fluorides 
of metals such as lithium, potassium and sodium 
which are alkaline and thereby corrosive to 
aluminium. Care must therefore be taken both 
to avoid flux entrapment in the welds and to 
remove all traces of flux on completion of 
welding. 


A factor which inereases complications is that 
the solubility of hydrogen in molten aluminium 
decreases rapidly as temperature falls. As a 
result, all light alloy welds suffer to some degree 
from porosity due to hydrogen from moisture and 
other contamination being dissolved in the weld 
pool and then coming out of solution and being 
trapped in the weld as solidification takes place. 
The amount of porosity depends upon the precau- 
tions taken and to a large extent on the skill of 
the welder. 


Porosity is a feature which for the time being 
must be accepted in aluminium alloy welds, but 
every effort should be made to keep it to a 
minimum by ensuring that the materials being 
used are clean and moisture free just prior to 
welding. It might be mentioned here that in the 
processes where inert-gas is used as a shield, 
porosity is naturally less by virtue of atmospheric 
moisture being excluded from the are zone during 
welding. 


The welding of aluminium alloys differs greatly 
from that of steel in that oxide of aluminium and 
most of the fluxes are heavier than the parent 
metal. This presents a danger that weld quality 
may be impaired by inclusions of oxide or even 
flux where this is used. 


In the inert-gas processes the gas used is 
usually argon, which is obtained by distillation 
from liquid air. (Helium is sometimes used where 
it is available.) The purity of argon and rate of 
flow have a bearing on weld shape and porosity. 
It is recommended by experienced welders 
that only high purity argon (99-8 per cent purity) 
be used and that the rate of flow of the argon 
should not be too low which would result in 
porosity and inclusions of oxide, nor too high 
whereby turbulence may be initiated resulting in 
similar defects. 


Other factors such as current density, rate of 
welding, weld dilution, diameter, state and com- 
position of filler wire or electrode have profound 
effects on weld quality. These factors are, how- 
ever, more associated with particular welding 
processes and will be dealt with in that way. 


FUSION WELDING 


Gas Welding 


This was the first welding process used for 
joining light alloys, being employed since the turn 
of the century. The process is similar to that 
used for steel with the exception that special 
fluxes are used to remove the oxide film and to 
assist in slag formation. 


The process is not suitable for joining main 
structural members, due to low strength, but can 
be used with great success on very thin material 
as would be used for furniture, vent trunking, 
waste pipes, ete. 


The gases used can be oxy-acetylene, hydrogen, 
coal or a butane/propane mixture. These provide 
the heat necessary to melt the edges being welded 
and further metal may be added to the joint by 
means of a separate filler wire of appropriate 
composition. 


On account of the danger of corrosion from 
entrapped flux, it is reeommended that lap joints 
should be avoided with the process unless these 
ean be fully sealed and that butt joints should 
always be adopted in preference. 


It is essential that slag and flux be removed 
after welding by light tapping and thorough 
serubbing with at least two washes of hot water 
on both sides of the joint. 


Association 
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The Aluminium Development 
(A.D.A.) in their Information Bulletin No. 
entitled “The Gas Welding of Aluminium” covers 
the process in great detail and the British 
Standard (B.S.1126) on the subject is now being 
revised and will be issued in the near future. 


Atomic Hydrogen Welding 


Although this method of welding consists of 
an electric are struck between two adjustable 
tungsten electrodes using single-phase alternating 
current, the process is essentially one of fusion 
welding. 


14 


Hydrogen is fed over the electrodes into the 
are which dissociates the molecular into 
atomic hydrogen. When it passes away from the 
immediate zone of the are it recombines to form 
normal hydrogen that burns in a manner which 
produces an intense flame (about 4,000°C.) just 
beyond the are zone. It will be seen that the 
flame is the heat source, not the are, and for this 
reason alone the process is one of fusion. <A 
suitable filler rod can be fed independently into 
the weld pool. 


gas 


This process enables welding to be carried out 
at moderately high speeds (up to 36 inches per 
minute on rs-inch plate), and preheating is con- 
sidered unnecessary for full penetration. While 
fluxes are not necessary for some metals joined by 
this method, they are required for light alloys 
and here again the problem of flux entrapment 
and removal is presented. 


In order to reduce costs “cracked” ammonia 
gas (anhydrous ammonia) can be used instead of 
hydrogen. 


The process appears suitable for sheet material 
and is described in A.D.A. Information Bulletin 
No. 5. 


Weibel and Technotherm—Rakos Welding 


These processes, which are used for joining 
sheet. material where the edges have been flanged 
and clamped, are extremely unlikely to be met 
with in a shipyard. It is not proposed to say 
more than that the heat source for welding is 
obtained from an electric current and the work 
is passed between carbon electrodes which 
facilitates fusion and welding. 


RESISTANCE WELDING 


Metal-arc Welding 


This method of welding employs coated elee- 
trodes and has been known to operate successfully 
for certain alloys since the ’twenties. Although 
there has always been an interest, it has not been 
developed to any extent for magnesium alloys in 
the United Kingdom due, perhaps, to the avail- 
ability of the inert-gas processes. 


In Scandinavia, especially Norway, structures 
of considerable magnitude have been fabricated 
in alloys with a low magnesium content by the 
metal-are method of welding. 


The process to date has not been found success- 
ful for welding alloys with a magnesium content 
above about 2 per cent which are those most used 
in this country for structural purposes in marine 
work. It has been reported that the alloy NP 
5/6 has been successfully welded in Scandinavia, 
but there seems to be overwhelming opinion here 
that such joints would never compare with those 
made by the inert-gas processes, and it is thought 
that an aluminium-magnesium electrode has yet 
to be developed that will weld this alloy satisfac- 
torily. 


To date, N 3 (Al. — 14 per cent Mn.) electrodes 
have been used to weld N4 plates and H10 
stiffeners to N 4 plates, while N 21 (Al. — 5 per 
cent Si.) electrodes are used when H10 plates 
and sections are being welded together. 


The alloy 1.10 is prone to hot cracking when 
welded under restraint with a 5 per cent silicon 
electrode due mainly to weld dilution. This effect 
now seems to have been overcome by the use of a 
10 per cent silicon rod in conjunction with a 
“double current” technique, and with higher 
currents. 


Metal-are welding is essentially a manual 
process and is not capable of being adapted for 
automatic welding. In spite of this, and the 
apparent shortcomings of weld quality, much can 
be said for the ability to use normal steel welding 
equipment for welding aluminium alloys. Suit- 
able electrodes and only a slight alteration in 
technique are required for light alloy work. The 
process is not greatly affected by wind and, there- 
fore, has many operational advantages over the 
inert-gas processes. 


The main disadvantages of metal-are welding 
can be summarised in that it is prone to gross 
porosity, reliable figures for weld strengths are 
only about seven tons per square inch or slightly 
above, satisfactory overhead welding is not 
possible, vertical butts are rather extravagant on 
electrodes, welding speeds are slower and stub 
end losses occur through the process not being 
continuous, spatter loss is also quite high, pre- 
heating or double current techniques are neces- 
sary for material thicker than } inch and certain 
artifices have to be adopted to avoid flux entrap- 
ment. The necessity to remove slag and flux after 
welding must be emphasised and if the welding 
is earried out in confined spaces, fumes present 
a further problem. 
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In spite of the difficulties, the author is of the 
opinion that it will be to advantage for metal- 
are welding to be employed in conjunction with 
the inert process when a suitable electrode for 
higher magnesium content alloys is available. It 
could then be used for many less accessible 
lightly stressed welds. 


As in other processes, joints must be clean and 
dry before welding is commenced. It is also 
important that the electrodes, on account of their 
hygroscopic coatings, should have been stored in 
airtight containers and opened just prior to use. 
Welding should be carried out as quickly as 
possible to avoid undue cooling when changing 
electrodes, and an overlapping, procedure is 
normally adopted. r 


D.C. welding is generally used with a power 
source capable of supplying up to 300 amps. The 
electrode is connected to the positive pole of the 
generator and the open circuit voltage should be — 
at least 60 volts with the are voltage about 23 to 
25 volts. It is recommended that the are should 
be short, i.e. about 1% inch. 


Where pre-heating is effected it has the advan- 
tage of reducing porosity and perhaps current 
density which will result in a less tendency to 
spatter and burn through. 


Copper or steel strips are sometimes used as 
backing, but it is considered that backing strips 
of the parent metal are preferable, as the former 
metals can affect the are during welding and the 
corrosion resistance of the joint afterwards. 
When backing strips are removed the welds are 
usually peened by light hammering. 


The success of metal-are welding as carried out 
in Seandinavia has been adequately demonstrated 
by the alloy houses built in ships undergoing 
rigorous service such as whale catchers and in 
the hulls of smaller high-speed launches. 


Some useful information can be obtained by 
reference to the following :— 


A.D.A. Information Bulletin No. 19 “The Are- 
Welding of Aluminium”, “Aluminium in 
Norwegian Shipbuilding”, Welding & Metal 
Fabrication, June, 1955. 


“Seandinavian Experience with Metal-Are 
Welding of Aluminium in Shipbuilding”, by 
Arne Brink, Institute of Welding Sym- 
posium, 1955. 


Argon-Are Welding 


Welding by this means was the first of the 
inert-gas processes used on a wide scale and is 
employed today where welds of high quality are 
required. 


The outstanding feature of argon-are welding 
is the abolition of fluxes and subsequent cleaning. 


Alternating current, with a superimposed high 
frequency current is generally used for the in- 
tense are which is struck between a virtually 
non-consumable tungsten electrode and the work- 
piece. The electrode is supported in a ceramic 
copper or water-cooled nozzle, through which 
flows the inert-gas (usually high purity argon) to 
protect the weld zone from the atmosphere and 
prevent oxidation of both electrode and weld 
pool. 


An appropriate filler wire is usually fed 
separately into the weld pool by hand, although 
some joints can be made without a filler rod. The 
composition of the filler wire must of necessity 
suit the alloy being welded. Machine welding has 
been developed, but this is not yet generally in 
use. 


In the process, the are has a cleansing action 
in that it disperses the oxide film from the surface 
of the metal and the inert-gas atmosphere 
prevents its re-formation. 


The porosity usually associated with welding 
aluminium alloys is kept to a minimum by the 
process which is sometimes referred to as the 
argon tungsten are process. The decrease in 
porosity achieved over that with other methods 
of welding results in joint strengths of usually 
more than 90 percent of thestrength of the parent 
metal in magnesium type alloys. It often happens 
that the ultimate strength specified by the Tenta- 
tive Requirements for Aluminium Alloys, namely 
17 tons per square inch, is attained and exceeded 
in joints welded by the process. This can be 
attributed to the parent metal having initially an 
ultimate strength in excess of the Rule require- 
ments. Welds in NS6 material generally have 
strengths almost equal to the parent sheet. 


Generally, in this process a forehand tech- 
nique is employed; welds can be made backhand, 
but these are prone to defects. 
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In addition, welds made by the method have 
good appearance and beads are well formed. 
Dilution in way of weld, spatter and fumes are 
kept to a minimum as compared with other 
methods and the deflection in panels or distortion 
is not excessive. 


Almost any form of joint can be made by 
argon-are welding. Positional welding is possible 
(although downhand is always preferred) and 
flux entrapment dangers do not arise. Some 
snags may, however, be experienced due to the 
size of the torch preventing proper access to 
certain awkwardly situated welds, but good 
design should overcome this difficulty. 


Disadvantages are the need to use two hands, 
the possibility of contamination to the electrode 
by touching the workpiece (this causes the are 
to wander) and sensitivity to draughts requiring 
efficient sereening. The capital costs for the 
equipment are high on account of the relatively 
complicated electrical equipment. 


Inert-gas Shielded Metal-arc Welding 


This is a process of comparatively recent 
development from the argon-are method of weld- 
ing. In 1952 several sets were imported from 
America where it had been developed as the 
“Aircomatie” welder. It is now also known as 
“Argonaut” and “Sigma” welding (derivation— 
Shielded Inert Gas Metal Are). 


The essential difference between this and the 
argon-are process is that the non-consumable 
tungsten electrode in the latter is replaced by a 
thin consumable bare wire electrode fed auto- 
matically through the welding nozzle through 
which, of course, also passes the inert-gas for 
shielding and welding. 


The welding current used is D.C. (with the 
electrode positive, i.e. reverse polarity) and, on 
account of the heavier current densities employed, 
the process is admirably suited to positional and 
mechanised welding which is rapidly carried out. 
Speeds of 80 inches per minute and above are not 
unusual. 


The high penetration obtained with this type 
of welding in conjunction with the minimum 
diameter of filler wire available or usable does 
not permit material below +s inch in thickness to 
be satisfactorily welded. 


Welds made by the process are generally 
slightly more porous than with Argon-Are weld- 
ing due to the relatively greater area of the 
thinner wire being exposed to the atmosphere, 
but better penetration usually helps to offset this 
fault. 


The finished welds do not have quite such a good 
appearance as the argon-are and in certain cases 
where a number of passes have been required, the 
final passes have been made with argon-are for 
the sake of appearance. 


Two variations of the process are at present in 
use in this country. The first is the “self adjust- 
ing are” where the wire electrode is fed at con- 
stant speed, and the second is the “controlled are” 
where the speed at which the filler wire is fed is 
controlled electrically or electronically to hold the 
are length constant at any preset voltage and to 
compensate for changes in are length caused by 
irregularities in the weld surface. 


A further very recent development is “filler 
are” and this is understood to be an advance on 
the “controlled are” whereby thinner material can 
be welded by the use of a small diameter filler 
wire electrode. The employment of a small wire 
is made possible by it being pulled out of the 
nozzle rather than pushed through. “Filler are” 
is not yet available in the United Kingdom. 


The “controlled are” process uses thicker wires 
than the “self adjusting are” and a reduction 
in current density from the former is thus 
achieved. This reduction, however, results in the 
loss of the inherent self adjusting properties of 
the are and necessitates automatie regulation of 
the wire feed speed. 


These processes are admirably suited for ship- 
yard work, being capable of automatic high speed 
welding, which in turn can reduce the cost of 
fabrication by as much as 50 per cent compared 
with riveting. High welding speeds can usually 
be associated with reductions in distortion on 
account of a lower heat input. 


Measurements recently taken on large panels 
of stiffened plating 0-30 inch thick showed that 
the contraction over a butt weld averaged vs inch 
per butt, while the shrinkage along the line of 
the butt was negligible. The deflection of plating 
between stiffeners spaced 33 inches apart was ve 
to % ineh. These figures can, however, vary 
appreciably with welding conditions and in the 


17 


ease of yards which have not undertaken pre- 
fabrication in light alloys before, it is recom- 
mended that test panels be made in order to 
establish welding conditions and ascertain con- 
tractions, ete. 


The standard of strength for welds in the 
magnesium type alloys is around 90 per cent of 
the parent metal, this value being higher with 
thinner material. In the heat treatable alloys a 
weld will serve to anneal the metal in the near 
vicinity with a resultant lowering in strength. 


Where these processes are used manually the 
higher current densities help in positional 
welding. Some defects are experienced when 
operating in the region above 350 amps. This 
has become known as “puckering” and can be 
recognised by heavy oxide folds on the surface 
of the weld. The depth of these folds varies and 
can sometimes reach the bottom of the weld. A 
thicker wire with a slightly lower current will 
help cure this fault when it occurs. 


In the United Kingdom it is thought that butt 
welds should have backing bars, and recently 
sections have been standardised with welding tabs 
that are suitable to back up butt welds. These 
sections in addition have material very favourably 
distributed which may also be a reason for their 
popularity. 


Before leaving the subject of the inert-gas 
welding processes it is perhaps in order to com- 
ment on one or two general aspects affecting weld 
quality. 


The preparation of edges for welding is im- 
portant. Those cut with a hand cireular saw 
adapted for cutting aluminium give an edge that 
requires no further attention before welding, 
while those eut with a hand saw or shears, if not 
of top quality, can usually be dressed with a 
plane prior to welding. 


It has been found advisable to use light oils or 
a mixture of oil and paraffin for lubricating saws 
when plate edges are being eut in preparation for 
welding. These lubricants are easier to remove 
with spirit than heavier grade oils and are thus 
less likely to affect welding. 


Wire brushing should be earried out prior to 
welding with a stainless steel brush kept specially 
for the purpose. Consumable electrodes are 
usually treated by the manufacturer and require 


no cleaning, but some filler wires may require to 
be cleaned with wire wool before use. The wire 
wool should be new and free from rust. 


After degreasing with spirit in preparation for 
welding it has been found beneficial to play a 
compressed air hose up and down the join to rid 
the surface of moisture and steel or oxide par- 
ticles from the brushing. The air delivered must 
be clean and dry. 


One of the most troublesome features encoun- 
tered in welding can be the presence of zine 
chromate, originally there as a preservative or as 
a preparation for painting. It is difficult to 
remove all traces of zine chromate especially if 
heat has been applied; the presence of small 
amounts has an adverse effect on weld quality. 


During welding the work should be carefully 
shielded from draughts with efficient shields; 
these shields can also serve to protect other 
people in the vicinity from radiations originating 
from the are. 


The pressure of argon in the supply cylinders 
should not be allowed to fall below 20 lbs. per 
square inch, otherwise atmospheric contamination 
may result. 


The materials for welding should be ordered 
“welding quality”. This ensures that porosity 
originating from the parent metal is kept to a 
minimum. 


It has been mentioned that welding currents are 
generally higher than those used for steel which 
results in a more intense are and increased radia- 
tion. The normally exposed parts of an operator 
such as hands and neck should be protected against 
the strong ultra-violet rays and a higher number 
filter for protection of the operator’s eyes should 
be adopted. Anyone working within about two to 
three yards of the are should also have their eyes 
protected. When welding is earried out within 
confined spaces reflected radiations and fumes 
also present a danger and steps should be taken 
to avoid both. 


So much has been written in recent years on 
the inert-gas processes that it is difficult to give 
a concise list of references. However, A.D.A. 
Information Bulletin No. 19 “The Are Welding 
of Aluminium” published December, 1955, has 
many pages relating to matters such as joint 
preparation, current density, are voltage, wire 
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speed, argon flow, ete., and thus serves as a most 
useful guide when endeavouring to establish weld- 
ing conditions. 


Many of the major companies of the alumin- 
ium industry have published their own guidance 
literature. 


RIVETING 


The riveting of aluminium alloys was, until 
recent years, the only suitable means of joining 
the members of large structures such as are 
encountered in shipbuilding. The method can 
hardly be considered completely satisfactory as 
joint efficiencies are low and difficulties are ex- 
perienced where watertightness is required. The 
ability to use some existing shipyard equipment 
for riveting and thereby avoid the heavy expendi- 
ture incurred if welding were adopted does 
provide an attraction for the builder to begin or 
continue fabrication by this means, but it is con- 
sidered that it is only a question of time before 
welding will completely replace riveting in large 
alloy structures. 


As compared with steel, the riveting of alumin- 
ium alloys varies greatly. The differences are 
directly attributable to variations in the physical 
and mechanical properties of the two materials. 
Steel rivets are driven hot and on cooling draw 
steel plates together which has the effect of increas- 
ing joint efficiency by virtue of frictional forces 
arising at the faying surfaces. In addition caulk- 
ing can be successfully carried out in steel and 
any slight leaks from rivets will in the course of 
a couple of days or so become watertight on 
account of rusting taking place. Aluminium alloy 
rivets do not develop any such “draw” and as the 
plate material is not really suitable for caulking 
nor subject to “rusting up” joint efficiencies are 
correspondingly lowered and usually a suitable 
insertion has to be made between the faying 
surfaces to obtain and ensure watertightness 
under sea-going conditions. 


The driving technique used for steel is not 
suitable for alloy rivets. The Guidance Notes 
issued with the Society’s Cireular No. 1880 
indicates these differences and mentions that ex- 
cessive driving, rolling the hammer and “stepping 
back” should be avoided. 


The Guidance Notes also give particulars of 
the size of rivets to be used in conjunction with 
plating of various thicknesses and it may now be 


mentioned that the edge distance should be be- 
tween 1-5 and 2 times the diameter of the rivet 
used. Generally the spacing of rivets may be 
taken at one diameter less than required for 
corresponding steel riveting. 


The material used for rivets should be of the 
same group of alloys as the plate. The usual 
practice in the United Kingdom is to use non 
heat-treatable alloys for both. In America, where 
the use of heat-treatable material is more com- 
mon, rivets of similar material have been used on 
a large scale. For example, it has been stated 
that over a million rivets of about 4% inch 
diameter were used in the liner “United States”, 
but the use of such rivets involves storage in 
refrigerated containers at about -10°F. prior to 
driving, in order to retard the onset of natural 
ageing after quenching. Heat-treatable rivets are 
in their most ductible and drivable state imme- 
diately after quenching. 


Non heat-treatable material as used in the 
United Kingdom for rivets are work hardening 
alloys. It will be seen, therefore, that the rivets 
should be driven quickly to completely fill the 
hole with a small number of long heavy blows 
rather than over a prolonged period with a higher 
number of lighter blows, the ideal driving being 
hydraulic or compressed air squeezing. The more 
work hardening effected in the rivet the greater 
is the tendency to cracking. 


It is usual for rivets of up to § inch diam. to 
be driven cold, but above about 4 inch diameter 
the non heat-treatable alloy rivets may be heated 
to increase ease in driving. Hot driven rivets 
are generally heated in a special portable thermo- 
statically controlled furnace to between 400° and 
500°C. for about 10 to 20 minutes. The tempera- 
ture must lie within this range, as much below 
400°C. there is no real advantage in heating, and 
above 500°C. fusion may commence at the grain 
boundaries of the rivet material making it im- 
possible to drive an effective rivet. When rivets 
are heated there is a decrease in shear strength of 
from 5 to 10 per cent. 


In aluminium alloy riveting the hole clearance 
is generally required to be smaller than for steel 
and it is usually recommended that the clearance 
should be 1/64 inch. With hot driven rivets of 
4 inch diameter or more the clearance should be 
1/32 inch. The maximum clearance should not, 
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however, exceed twice these figures on the larger 
rivets. ‘To ensure fair and accurate holes it is 
recommended that drilling be carried out in situ. 


It is generally agreed that the most effective 
rivets are those having a length not exceeding 
three times the diameter. 


The type of head adopted is optional and the 
references given at the end of the section should 
be of assistance in making a choice based on 
strength and appearance. Annular or recessed 
points do, however, promote ease in driving the 
larger diameter rivets, but as yet have not been 
widely adopted in ship work. 


It is essential that the work should be closed by 
suitable close bolting and that rivet heads are 
“hard up” before driving is commenced. The size 
of backing dolly should always be larger than the 
rivet head. 


To ensure quality in rivet material the Rules 
specify that all material from which rivets are 
manufactured is to be tested. The mechanical 
properties to be not less than— 


0-194 proof stress 6 tons per square inch 


U.T.S. 14 tons per square inch 


Elongation 15% on eight times diameter 
(test piece B) 

18% on four times diameter 
(test piece C) 

Dump Test Test piece of length and 


diameter equal to diameter of 
bar to be compressed cold to 
half length in axial direction 
without cracking. 


The manufactured rivets as selected by a sur- 
veyor are to he capable of being compressed cold 
in an axial direction without cracking until the 
diameter is increased to 1:6 times the original 
diameter. 


It is also required by the Rules that non-heat- 
treatable rivets shall be delivered in the annealed 
condition and that heat-treatable rivets shall be 
delivered in the heat-treated condition specified. 


The rivet material used in this country is 
usually N5 or N6 with N6 giving better strength 
values, at least in the laboratory. In spite of the 
requirements of the Rules and other precautions, 
a certain prejudice is growing at the present time 
against the use of N6 material. Cases of rivet 


heads or points dropping off have been encoun- 
tered in this material and it is thought that this 
may be attributed perhaps to N6 being more 
susceptible to work hardening from somewhat 
faulty driving resulting in the formation of 
eracks at the neck which further develop during 
service. Investigations by the industry of such 
eases are now pending. 


Watertightness is generally obtained by the use 
of inserts between the faying surfaces, and these 
inserts can take the form of thin calico on which 
has been spread a suitable jointing compound 
such as Jeffries Jointing Compound No, 241. 
Material above } inch ean, in addition, be lightly 
caulked in way of watertight riveted joints. 


It may be mentioned that for internal non- 
watertight riveting in light material “Pop” or 
“Chobert” rivets as used in aircraft could perhaps 
be used. 


A considerable amount of work has been pub- 
lished on light alloy riveting covering such items 
as strength, squeeze pressures for all sizes of 
rivets and the recommended pneumatic hammers 
for various diameters of rivets. The following 
are relevant— 


A.D.A. Information Bulletin No. 8, Riveting of 
Aluminium. 

A.D.A. Information Bulletin No. 18, The 
Working of Aluminium in the Shipyard. 
The Analysis of the Behaviour of Riveted 
Joints in Aluminium Alloy Ship’s Plating. 

N. E. C. E. & S. December, 1955. 

B.S. 641. Dimensions of Small Rivets 
General Purposes. 

B.S. 1974, 


for 
Large Aluminium Alloy Rivets. 


BOLTING 


The joining of various members by bolting may 
be permitted for non-watertight joints in ships. 
One large passenger ship fitting out at the 
present time has the main superstructures joined 
to the steel structure by this means. 


Bolts used in this manner should always have 
some means whereby the nuts can be locked in 
position. This may be achieved by various patent 
methods or by the simple expedient of a spot 
weld between the nut and the bolt shank. 
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In the bi-metallie structural type of joint 
where mild steel bolts could be used they should 
be insulated by such means as Tufnol ferrules 
and washers or Neoprene gaskets. 


For small work such as sundry fittings the bolts 
may be plated with cadmium or even galvanised, 
if cadmium proves too expensive. 


BRAZING AND SOLDERING 


These means of joining are not of special 
interest in shipbuilding but, for the sake of 
reference, the following applies— 


Brazing 


Brazing is usually carried out by torch or in a 
suitable furnace on certain fittings of a non- 
structural nature where appearance is the prime 
requirement. Alloys containing more than 2 per 
cent to 3 per cent magnesium are difficult to 
braze which restricts the process to alloys other 
than those most suited to marine environments. 
Alloys most amenable to brazing include Alumin- 
ium Manganese Alloy (N 3) and Aluminium 
Magnesium Silicon Alloy (H 10). 


Brazing differs from welding in that the filler 
metal melts at a distinctly lower temperature 
than the metal to be brazed so that fusion does 
not occur with the parent metal and the molten 
filler metal penetrates the joint by capillary 
action; fluxes must be used which necessitates 
special precautions for their removal after the 
brazing operation. 


Soldering 


Soldering is especially difficult in aluminium 
on aecount of the oxide film which will not 
respond to usual soldering fluxes and because 
corrosion is a serious problem once the joint has 
heen made. Soldering requires very special 
techniques and it is thought most unlikely that 
the process will be encountered on board ship. 


BONDING BY ADHESIVES 


Bonding by adhesives is a comparatively new 
process and appears to have had marked success 
in the aircraft industry and in the attachment of 
brake shoe and elutch linings in the manufacture 
of motor ears, also in the bonding of plywood 
veneer to aluminium in the furniture trade. The 
adhesives used may be based on rubber, polyviny! 
acetates or synthetic resins and may be eith«r 


thermosetting or thermoplastic; in the former 
they are eured by heat which promotes an irre- 
versible chemical change, whereas in the latter 
ease they can be re-softened with heat after 
euring providing the temperature is not too great. 


Joints in aluminium made by bonding should 
always offer as much area of contact as possible 
and should be positioned so as to be stressed in 
shear. The process calls for absolute cleanliness 
in the surface preparation and heavy presses 
specially designed for each joint are usually 
necessary. 


In spite of the low rate of production associ- 
ated with this method of joining it is thought 
that the high strength achieved in the joints (2 
to 3 tons per square inch) should make it an 
attractive proposition for some small eraft in 
light alloys. 


CORROSION 


Earlier in the Paper reference was made to an 
account given in the I.N.A. Transactions of 1895 
on the testing of aluminium alloy material for 
torpedo boats for the French Government, 
wherein it was emphasised that the great enemies 
of aluminium are heat and alkalis. That state- 
ment still holds good today, and to the corrosive 
effect of strong alkalis can be added the adverse 
effects of galvanic action, inter-crystalline and 
stress corrosion. 


Some of these various methods of attack have 
heen deseribed to the Association in the Paper 
entitled “Marine Corrosion”, read by Mr. J. M. 
Murray in the 1952-53 Session. It is therefore 
sufficient to reiterate the more salient points. 


Marine alloys of the magnesium group are ex- 
tremely resistant to corrosion as has been proved 
by the experimental eraft “Alumette” which, 
since January, 1936, has been floating in sea 
water at Newport News, Va., without any serious 
corrosion. The resistance of the metal to either 
salt water or marine atmospheres is mainly on 
account of the thin protective oxide film which 
covers its entire surface. This film is stable, 
hard and adheres tenaciously to the metal. 
Since the film re-forms rapidly in normal atmos- 
pheres it will be seen that for corrosion to occur 
and continue, certain unusual influences must be 
at work, usually arising from neglect or ignor- 
ance of the precautions that must be taken when 
using alloys. 
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The first of these influences may be direct 
chemical attack from strong alkalis such as 
caustic soda or the fluxes used in welding. The 
precautions to be taken are obviously to avoid the 
application of the alkalis and to thoroughly wash 
away flux residues on the completion of welds. A 
slower form of this type of attack may arise from 
atmospheric pollution and shows itself in the 
roughening of the surface with perhaps a slight 
white deposit. Aluminium alloys can withstand 
this latter attack much better than most other 
metals and if the pitting is not too deep the 
surface appearance can be regained by cleaning. 
It is understood special cleaning agents are avail- 
able for the purpose. 


Corrosion may be experienced where timber is 
placed in close contact with aluminium alloys 
because of saps directly attacking the metal. 
The danger from this form of corrosion varies 
with the type of wood used, being most pro- 
nounced with teak, mahogany and oak and less 
so with softer woods such as spruce and pine. 
Usually attack of this nature can be prevented 
by applying aluminium or bituminous paint to 
the timber, and/or coating the alloy with a suit- 
able chromated jointing compound. Special care 
should be taken in the laying of wood decks and 
here it is advisable to prime the aluminium with 
zine chromate and bed the timber in bitumen, the 
timber having been well seasoned and coated with 
non-leafing aluminium paint prior to laying. 
The bitumen used for bedding the planks should 
be of good quality with an assurance from the 
manufacturer that it contains no impurities 
harmful to aluminium alloys. Timber has on 
some occasions been bedded in rubber-based solu- 
tions such as Bostik, but here again it is necessary 
to ensure that these are free from impurities such 
as chlorides or sulphates which might adversely 
affect the alloy. 


It is possible that the greatest risk of corrosion 
of aluminium alloys exists when these are con- 
nected to dissimilar metals and even dissimilar 
alloys. The action causing this corrosion is 
electrolytic, resulting from the presence of an 
electrolyte such as salt water and differences in 
potential between the aluminium alloys and the 
other metal in the connection. Aluminium is 
particularly subject to this form of corrosion 
when placed in contact with metals such as 
copper, nickel and to a lesser extent with steel. 


The Guidance Notes on the Use of Aluminium 
Alloys for Shipbuilding Purposes, issued with 
Cireular No, 1880, indicates, generally, the pro- 
cedure necessary to overcome the potential 
dangers of bi-metallie connections. It may be 
mentioned that in steel/aluminium connections 
where the steel is not galvanised it can be sprayed 
with aluminium paint after baing cleaned and 
prior to the connection being made, also that if 
the connection is to a ground bar or flat in way 
of a wood deck, then the actual connection should 
be kept clear of the timber. 


It is also considered preferable to have the 
aluminium alloy on the weather side of the joint 
when alloy rivets or insulated bolts are used, but 
on the protected side when steel rivets are 
adopted. Aluminium rivets if driven cold should 
be dipped in suitable compounds before driving. 
The insulation of bolts ean be carried out by 
means such as Neoprene gaskets or Tufnol 
washers and ferrules. 


There are a number of agents which may be 
placed between steel and aluminium when bi- 
metallic joints are being formed, among these are 
Neoprene, Densochrome Tape and Sealastic, and 
no doubt others with plastic bases will soon make 
their appearance. Some of these agents can also 
be used in between the faying surface in alumin- 
ium to aluminium riveted joints where water- 
tightness is required. 


Galvanie corrosion may also be experienced if 
timber or’ rope that has heen preserved with 
copper containing compounds is placed in contact 
with light alloys. This may also occur if paints 
containing lead, mercury, mereury salts or copper 
are used on aluminium, although it has recently 
been claimed that such paints may be applied 
with suecess provided the aluminium is first suit- 
ably primed. It is considered this claim should 
be treated with extreme caution. 


An unusual ease of galvanic corrosion which 
took place recently where exhaust gases from a 
petrol engine had impinged on alloy sheeting, 
was attributed to lead compounds in the gases 
originating from the anti-knock ingredients in 
the fuel. 


Inter erystalline corrosion, as its title suggests, 
occurs along the erystal boundaries and is more 
common in the alloys containing substantial 
amounts of copper. In this case the metal loses 


ductility resulting in embrittlement and loss of 
fatigue strength. It is claimed that heat-treatable 
alloys containing 0-15 per cent copper and 
slightly above have been used with suecess for 
marine applications, but many doubts still exist 
on their ability to resist this form of corrosion. 


The non-heat treatable alloys used in ship- 
building are corrosion resistant and it is not 
necessary to paint them for protection; indeed, 
one ship which the author visited recently did 
not look at all unattractive with deckhouses in the 
natural unpainted finish of the alloys; but where 
it is desired to apply paints reference should be 
made to the above Guidance Notes. It is con- 
sidered important that priming and final painting 
should be carried out carefully and in dry condi- 
tions to avoid the paint peeling at some later 
time. 


THE DETERMINATION OF SCANTLINGS 


It is well known that the determination of 
seantlings for steel ships is an arbitrary business 
based on suecessful practice rather than deriva- 
tion from first principles. 


For this reason, when endeavouring to ascertain 
the seantlings of structures in aluminium alloys, 
it is more prudent to apply conversion factors to 
predetermined steel scantlings than to attempt 
fundamental calculations. In most cases the 
conversion factors can be easily obtained by 
comparison of the physical and mechanical 
properties of the alloy used with those of normal 
ship steel. 


The tentative requirements for aluminium 
alloys specify that the material for plates and 
sections shall have a 0-1 per cent proof stress of 
eight tons per square inch, an ultimate tensile 
strength of 17 tons per square inch and elonga- 
tion figures are required on either of two gauge 
lengths to ensure adequate ductility. 


The Rules indicate that mild steel of shipbuild- 
ing quality shall have an ultimate tensile strength 
between 26 tons and 32 tons per square inch. For 
the purpose of deriving certain conversion factors 
it has been the practice to take a mean value of 
29 tons per square inch for the ultimate tensile 
strength of steel and 17 tons per square inch for 
that of aluminium alloy. 


Some eriticism has been encountered at times 
over these figures, it being claimed that the lower 
value of 26 tons per square inch should be taken 
for steel, which would enhance the use of the 
more expensive material. It has also been 
claimed that comparison in many eases should be 
based on proof stress rather than ultimate tensile 
strength, in which case the heat treatable alloys 
with their high proof stress would show to 
advantage. 


In spite of these criticisms it is considered that 
the adoption of the 17:29 ratio of ultimate 
tensile strengths is reasonable, in that, the 
slightly higher figure than the minimum Rule 
value for steel, helps to offset the cold working 
that enables the magnesium alloys to attain their 
strength. The ratio of proof to ultimate stress 
is approximately the same for both materials 
when non-heat-treatable alloys are used. This 
fact dismisses the argument regarding the 
adoption of proof stresses for design criteria 
with aluminium-magnesium alloys. 


The Author is of the opinion that the use of 
heat-treatable alloys should not be eneouraged in 
ship construction, on account of the deterioration 
of their properties with the application of 
moderate heat as shown in Fig. 6 of the 
appendix. 


In strength comparisons much is made of the 
corrosion allowance on steel seantlings as deter- 
mined by the Rules. Theoretically such an allow- 
ance should not be necessary with the corrosion 
resistant magnesium alloys. Using this artifice it 
has been shown in theory that in certain strue- 
tures of considerable magnitude it is possible to 
replace steel by alloy members of similar scant- 
lings. This applies especially to the deck plating 
above deckhouses. 


It is thought that such theoretical considera- 
tions should be treated with a little reserve as one 
rarely sees a steel structure so corroded that each 
and every member has lost the entire corrosion 
allowance. 


As mentioned, the seantlings of alloy structures 
can generally be ascertained by using suitably 
adjusted steel seantlings as a basis and applying 
certain conversion factors. In the ease of mem- 
bers in tension or compression without buckling, 
the basie steel area may be increased in the ratio 
of the ultimate strengths of the two materials. 


For pillars, however, the inertia must be in- 
creased in the ratio of the modulus of elasticity of 
the materials and this ratio is usually taken as 3. 


Where bending is the main consideration, the 
modulus of the steel section can be multiplied by 
the ratio of the ultimate strength of steel to 
alloy, but it is usual to limit deflection as in the 
ease of beams where span/500 is generally 
adopted as the maximum permissible deflection. 


Plating thicknesses for alloy can be found by 
multiplying the basic steel thicknesses by the cube 
root of the ratio of the modulus of elasticity of 
the materials (i.e. an increase of roughly 40 per 
cent). 


Where shear strength is involved it is perhaps 
useful to mention that the ultimate shear strength 
for alloy can be taken at about 60 per cent of the 
ultimate tensile strength. 


In converting steel scantlings to those for 
alloys, due regard should always be paid to the 
possibility of local buckling in the webs of strue- 
tural members and in items where sheet material 
is used. 


DECKHOUSES 


Naval architects are perhaps giving more 
thought these days to the fitting of aluminium 
alloy deckhouses in large passenger ships than 
to any other application of the metal in ship 
construction. The raising of the metacentre in 
such ships by inereases in beam has reached a 
limit where it has now become necessary to find 
means of lowering the centre of gravity rather 
than raising the metacentre to compensate for 
inereases in top weight or for stability required 
in the damaged condition. 


The substitution of aluminium alloys for steel 
in the upper works does offer a solution to the 
difficulties of excessive top weight, but in turn 
it introduces new problems in the determination 
of scantlings, provision of fire protection, 
methods of attachment to the steel structure, ete. 
The seantling problem applies more to the larger 
deckhouses than to small isolated houses in cargo 
ships where steel may be replaced by aluminium 
alloys of similar scantlings. 


A pertinent question exercising designers’ minds 
appears to be, “what part are large alloy deck- 
houses playing in the longitudinal strength of a 


ship?” An idea that such houses are ineffective 
is becoming increasingly more popular. This 
means that such alloy structures should be based 
on local strength and other considerations rather 
than on longitudinal strength. 


The ideal solution to the problem would be to 
fit strain gauges on two identical ships, one 
fitted with steel deckhouses and the other with 
similar alloy deckhouses. As a solution by this 
means is unlikely to be reached, it is to be hoped 
that it may be possible at some future time to 
take strain measurements on a ship fitted with 
several tiers of large aluminium alloy deckhouses. 


There seems to be reason for supporting the 
present view, that due to the differences in 
the elastic moduli of steel and aluminium, only 
about 0-35 times the stress in the steel deck will 
ever be experienced by alloy in the vicinity of the 
connection to that deck. It will be seen that if 
the stress in the steel deck amounts to, say, ten 
tons per square inch, the maximum stress that 
can be transmitted to the alloy at the deck con- 
nection, assuming the connection fully effective, 
will be 3-5 tons per square inch, to which ean be 
added some two to three tons per square inch for 
thermal effects arising from differences in the 
coefficient of linear expansion of the two 
materials. This can give a total stress of about 
6-5 tons per square inch, which is well within the 
0-1 per cent proof stress of NP 5/6 material. 


In ships where large deckhouses can be adopted 
it is usual for the uppermost steel deck to be 
very much thicker than the aluminium house side 
which is attached thereto. 


If, for the sake of comparison, the panels of 
steel deck and the panels of alloy house side are 
assumed the same size, on the basis of similar 
beam and stiffener spacing, it can be shown that 
the effectiveness of the steel panels will be much 
the greater. 


Strain taking place in the steel plating will 
result in the same strain in the alloy at the joint. 
However, it is thought that any stress relief 
taking place by panel deflection would show to a 
much greater extent in the alloy panel and would 
thus serve to reduce the effectiveness of the 
material disposed in the deck above, on account 
of the non-transmission of stress by the deflected 
house side panels. 
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It is not known whether this prompted the alloy 
house side plating to be fitted in the troughed 
form in a passenger vessel now fitting out, but it 
is considered prudent to have some such method 
of obstructing a clear view along the house side. 


Longitudinal framing may offer certain advan- 
tages in the framing of houses. 


Minimum scantlings have been adopted for 
alloy deckhouses on the basis of steel deckhouse 
scantlings and at the present time are being used 
for the approval of plans. As a result of further 
experience with such structures it may become 
necessary to slightly modify some of these 
requirements, which are as follows :— 


Plating 
Deckhouse fronts—steel thickness +20% 
Deckhouse sides and aft ends—steel 
thickness Fr . +15% 
Unsheathed decks—min. steel thickness +-15% 
Sheathed decks—min. steel thickness ... +-10% 


(No inerease required where sheathed deck 
plating is connected to the wood deck at centre 
of each beam space.) 


Stiffeners and Beams 


we +100% 


Deckhouse sides and aft ends—steel 
modulus 


Deckhouse beams—steel modulus 


Deckhouse fronts—steel modulus 


-+70% 
smile 


It has been considered necessary to limit the 
deflection of alloy beams to span/500 and 
girders in the material should be about two-and- 
a-half times as stiff as the beams. 


The loads carried by the internal members of 
deckhouses will not vary appreciably when alloy 
deckhouses are fitted, therefore adequate areas to 
earry these loads should be provided in internal 
bulkheads and pillars. The inertia of alloy 
bulkhead stiffeners should be suitably increased 
to take account of deflection and the inertia of 
pillars in aluminium should be about three times 
that of corresponding steel pillars. 


Since large aluminium alloy deckhouses can be 
associated with the carrying of passengers, due 
regard must be paid to the Merchant Shipping 
(Construction) Rules, 1952, when considering the 


question of fire protection. These Rules require 
that decks and deckhouses of ships to which the 
Rules apply shall be of steel or of other material 
equally resistant to fire. 


The alloys, of which decks and deckhouses 
would be constructed, melt at approximately 
600°C. and therefore on their own cannot be 
considered as being equally resistant to fire as 
steel which melts at around 1,400°C. It has been 
shown, however, that by using insulating 
materials such as asbestos, Marinite, Novapan, 
ete., aluminium alloys suitably insulated can 
reach equality with steel in similar fire tests. 


Details of the degrees of insulation required 
for aluminium deckhouses have not yet been 
formulated, since no British ships have been built 
with deckhouses large enough for the question to 
arise and be dealt with by the M.O.T. It is 
understood that the matter is under consideration 
and should be resolved shortly, as several builders 
are seriously considering the adoption of 
aluminium. 


There are a number of advocates for the use 
of heat-treatable alloys as stiffening and pillaring 
members in deckhouses on account of the ease 
with which these sections and tubes can be 
extruded. Fig. 6 in the appendix shows how the 
properties of such alloys fall with increase in 
temperature and it is with this in mind that the 
author deprecates their use. 


The design of the connection between steel and 
alloy structures is the subject of widespread 
deliberations and as yet no definite methods can 
be recommended as being superior. However, 
certain precautions must be taken and these are 
dealt with under the section on “Corrosion and 
Bi-metallie Joints”. The fittings of wood deck 
sheathing are also included in that section. 


The fabrication and erection of large deck- 
houses needs to be given certain consideration. 
It is contemplated that in the majority of cases 
these would now be welded, calling for as much 
work as possible to be completed under cover. 
From the welding view-point this would be the 
correct approach, but care should be exercised 
that completed units are not too large or too 
flimsy so that they buckle while being lifted and 
thereby cause great difficulty in erection on the 
ship. 
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SHIPS’ FUNNEL CASINGS 


Funnels are structurally of minor importance 
in the building of a ship, but on account of their 
relatively high position they appear to have 
received much attention so far as light alloys are 
concerned. The advantages of weight saving in 
these high locations are obvious and do not 
require to be enlarged upon. 


Seantlings of funnels are not usually con- 
sidered, but for guidance they should approxim- 
ately conform to the standards of an alloy 
deckhouse in the same position. 


BOAT DAVITS 


It is not now the practice of the Society to 
approve the scantlings of boat davits unless this 
is specially requested. 


For aluminium alloy davits it is considered 
that strength and stiffness equivalent to steel 
should always be obtained and that the possibility 
of local buckling should not be overlooked. 


HATCHWAY COVERS 


Where aluminium alloys are used in place of 
steel the scantlings of the alloy members are 
generally based on their steel counterparts and 
the determination of the scantlings for alloy 
hatehway covers and beams usually follows this 
general rule. 


The first approval of alloy hatchway covers 
was given around 1950 for covers which were in 
four sections for hatchways approximately 36 x 
3 ft. It was decided at that time that the usual 
permissible deflection for steel of 1/250 could be 
relaxed to 1/200, but the modulus required for 
steel should be increased by 29/17, the ratio of 
the ultimate strengths. An increase by V 29/17 
over the thickness of steel plating was also 
decided upon. 


The modulus of section for steel covers was 
associated with a stress of 4 tons per square inch 
with loadings of 5 ft. and 4 ft. heads at 50 cu. ft. 
per ton for hatches requiring 24 and 18 inch 
coamings respectively. 


When deflections in the two materials were 
being compared, E was taken at 10,000 tons per 
square inch for steel and 3,450 tons per square 
inch for alloy. 


Corrected thicknesses for alloy plating were as 
follows— 
2. ” 18” 
coamings coamings 
24” spacing of webs or 


stiffeners a “36 “34 
30” spacing of webs or 

stiffeners sas +39 34 
36” spacing of webs or 

stiffeners +42 “36 


The reasons for fitting alloy covers can be 
attributed generally to ease in handling and/or 
to a need to save top weight. However, one 
tanker company recently found it more economi- 
cal and less troublesome to fit balance weights to 
the tank lids rather than employ alloy covers. In 
this ease the combined weight of steel covers and 
balance weights was so small a proportion of the 
lightweight that its effeet would be less noticeable 
than in other ships. 


Statice loading tests on both large slab type 
covers and on hatch cover boards in alloy have 
been undertaken by the various Aluminium 
Companies and the results fully justified the 
assumptions made in the determination of scant- 
lings. 

The author inspected some smaller cover boards 
which had been constructed in light alloys and 
which had seen almost a year’s service in a collier. 
These showed no signs of being unsatisfactory 
for the job intended, and delighted the crew with 
their lightness. Only one complaint was made; 
that referred to their being slippery in wet 
weather and this was cured by means of a non- 
skid paint. 

It is understood that the larger type covers 
have also proved satisfactory in service. 


Larce Burr Covers secured by toggles, similar 
to the MacGregor type. 


In the case of this type, agreement has recently 
been reached with the M.O.T. for both steel and 
alloy covers for British ships. It is necessary to 
state the requirements for steel before the scant- 
lings for alloy covers can be assessed. These 
requirements are given below for the height of 
hatchway coaming which is, of course, related to 
the position of the hatchway as governed by the 
terms of the Load Line Rules. It will be noted 
that the factors given below allow for a variation 
in alloy properties. 
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BUILT STEEL AND ALUMINIUM ALLOY 
HATCHWAY COVERS 


(Weathertight covers without tarpaulins) 


l=unsupported span of stiffeners 


s = spacing of stiffeners 


| Rule height of Coamings 


MonULUs OF a 24 inches val wade inches 
STIFFENERS “04 s/* +03 s/? 
(ins 3) 
With actual thick- With / & s measured in feet 
ness of plating fitted 
INERTIA OF 
STIFFENERS 008 s/* 006 s/* 
(ins 4) 
With actual thick- = With / & s measured in feet 
ness of plating fitted | 
s-24 s—24 
THICKNESS OF *26 +—— *244+—— 
PLATING (ins) 150 200 
| (with -26” min. 
thickness) 
with s measured) in inches 


In ships where a draught in excess of the cargo 
ship draught is desired, the section modulus and 
moment of inertia of the stiffeners and thickness 
of the plating are to be increased by 15 per cent. 


The scantlings of similar light alloy covers 
may be obtained from the Table in association 
with a factor as below. 


29 
factor= - U.T.S. alloy 
or 
29 
2 X (0-1% proof stress of alloy) 
whichever is the greater. 


I/y steel stiffeners 
X factor 


Then I/y alloy stiffeners 


Then I I __ steel stiffeners 
X 1300 (tons/sq. in.) 


E (tons/sq. in.) 


alloy stiffeners 


Alloy plating thickness=Steel thickness 
X Vfactor 


LarGE SLAB OR Pontoon Type Covers with tar- 
paulins and locking bars in dry cargo ships with 
steamer draughts may be taken out on a basis of 
the original approvals given in 1950 for inertia 
and modulus, but the thickness of plating for 
alloy can be somewhat thinner as follows, for 
both 24 and 18 inch coamings :— 


Up to 12” spacing of stiffeners 

-16” in light alloy 
12” to 20” spacing of stiffeners 

+24” in light alloy 
20” to 30” spacing of stiffeners 

*32” in light alloy 


with diaphragms spaced about 4 ft. 6 in. 


The method of securing tarpaulins, ete., should 
be as for steel covers of the same type. 


Smatt Warerticut Covers as fitted in tankers 
are fairly straightforward, as steel scantlings are 
given in the Society’s rules on a basis of size of 
hatch. The aluminium alloy scantlings are 
arrived at by the usual design considerations for 
hatch covers in that plating thickness should be 
increased by 29/17 and modulus of stiffeners 
by 29/17 assuming the alloy conforms to the 
Society’s tentative requirements for aluminium 
alloys. 


In order to avoid unduly thick cover plates 
additional stiffening may be fitted with alloy 
covers, but such cases would require to be con- 
sidered on their merits. 


It is also advisable to close up the spacing of 
fastenings securing the alloy covers. 


Harcuway Cover Boarps, replacing the normal 
wood covers, perhaps offer the greatest scope for 
variation in design and construction. To date 
cover boards have been approved in both riveted 
and welded sheets and in extruded material. As 
yet the unsupported length of these boards has 
not exceeded 6 ft. and in the case of approval for 
this length it was granted as a result of static 
load tests on a 5 ft. long specimen in sheet 
material. 


When dealing with covers constructed of sheet 
it is advisable to ensure that the thickness of the 
sheet is sufficient to withstand crippling loads in 
the sides or longitudinal webs. 


The seantlings of covers of this type on 24-in. 
coaming hatches are found by taking a uniform 
loading of 6 ewt. per square foot on the un- 
supported span between the bearing surfaces 


with the boards considered free ended. The stress 
should not exceed 4-7 tons per square inch with 
rule alloy material and the deflection should be 
limited to 1/200 with E taken as 3450 tons per 
square inch. 


With alloy boards on hatehways requiring 18 
in. coaming the loading can be reduced to 4-8 ewt. 
per square foot, but the same stress and deflec- 
tion limitations apply. 


Special consideration can sometimes be given 
to covers of less scantlings which have satisfac- 
torily withstood a statie loading test of 8 ewt. per 
square foot without signs of permanent deflection. 


It may be mentioned that wood covers are 
generally assumed to have a U.T.S. of 2 tons 
per square inch which, with a factor of safety of 
four, would give a working stress of 4 ton per 
square inch with a loading of 4 ewt. per square 
foot. 


Harcuway Wess, supporting wood or alloy 
cover boards are generally taken out for alloy on 
a loading of 5-3 or 4-25 ewt. per square foot for 
hatchways requiring 24 or 18 inch eoamings 
respectively. This is a mean loading for the 
seantlings in steel given in the Rule table if con- 
stant stress is assumed, and can be used in deter- 
mining deflection which is to be limited to 1/200 
with E as 3450 tons per square inch. The 
modulus of the webs as taken from the Rule table 
for steel is increased by 29/17 (the ratio of 
ultimate strengths for the materials). 


Webs of this type have been tested by the 
B.S.R.A. and proved satisfactory, but the im- 
portant lesson learned from these tests is that 
face plates should not be attached by intermittent 
welding, especially near the ends. 


LIFEBOATS 


The development of the magnesium alloys in 
the late 1920’s undoubtedly led to the launching 
of a prototype lifeboat in 1934. The dimensions 
of this boat were 30 ft. x 10 ft. 7 in. x 4 ft. 4 in. 
and it was constructed of a 34 per cent mag- 
nesium alloy and weighed some 61% ewt. when 
fully equipped. 


On completion the boat was thoroughly tested 
for strength and stability and then allowed to 
remain two and a half years in the River Itchen 
where at every low tide it laid on mud. 


At the time of. build only one coat of alumin- 
ium pigmented varnish was applied to the outside 
of the hull and a coat of grey zine oxide to the 
inside. Following the period in the Itchen the 
lifeboat was again satisfactorily tested in 
Holland by the Dutch Authorities. 


It was later returned to Britain where it was 
fitted with an engine and until recently was used 
in the Mersey as a work boat. This lifeboat was 
shown at the 1955 exhibition and seen to be in 
good condition 


During the two and a half years in the Itehen 
it became thickly encrusted with barnacles, from 
which the boat acquired the name “Barnacle 
Bill”. 

“Barnacle Bill” paved the way for the many 
aluminium lifeboats constructed around the year 
1936. These boats had at the time the undoubted 
attraction of weight saving, longer life with less 
maintenance and being competitive in price. The 
price can be attributed to material costs being 
relatively small compared with labour costs in 
small craft construction. 


Several of the lifeboats built about that time 
proved the claims made for them by undergoing 
war-time service when neglect was not uncommon. 
Some of these boats can still be seen in service 
without apparent signs of the inattention during 
the war years. 


Prior to 1954 the scantlings of lifeboats were 
assessed from corresponding metal boats as 
approved by the M.O.T. or U.S. Coastguards. In 
1954 the Ministry of Transport and Civil Avia- 
tion issued “Instructions to Surveyors on the 
Survey of Life-Saving Appliances”, which con- 
tains a section relating to aluminium alloy life- 
boats. 


This publication was intended for the guidance 
of their Marine Surveyors in surveying the life- 
saving appliances of ships for the purpose of the 
Merchant Shipping (Life-Saving Appliances) 
Rules, 1952, and the section on alloy lifeboats 
now also serves as a useful basis for approvals 
for lifeboats and other small craft. 


In addition to standards for the construction 
of alloy lifeboats there is a reference to the 
periodical survey of the boats, which ealls for 
careful examination of the hull behind the skates, 
in way of securing wires and gripe wires where 


metals other than aluminium may have been in 
contact with the shell of the lifeboat. This refer- 
ence also points out that in order to protect the 
hulls the wires should be preferably covered with 
a non-absorbent insulating material, but that 
satisfactory results have been obtained with wires 
pareelled and served with canvas and spun yarn. 


The necessity to cover steel keep choeks with 
wood pads, to give special attention to lifting 
hook connections and to ensure that paints 
applied do not contain lead, is also mentioned. 
A recommendation is made regarding paint- 
ing to the effeet that the primer should be of the 
zine chromate type and the top coat should be a 
zine oxide base paint. 


The section dealing with the construction of 
alloy boats is rather lengthy and it is not intended 
to quote word for word from these regulations. 
However, the following is a general summary. It 
should be noted that the scantlings given are in 
respect of a 24 ft. lifeboat of normal propor- 
tions but they should serve as a guide for boats 
of other dimensions. 


Material 
Sheet NS 4 or preferably NS 5 up to 
4H temper but soft temper 
where flanging or appreci- 
able forming 
Extrusions NE 5 
Rivets NR 5 or NR 6 
Castings LM 5, LM 6 or LM 10 
Scantlings 
Keel stem & 6” x 8” bulb plate generally in 
stern post one length 
Frames 13” x 1” x }” angles spaced 36” 
apart 
12” x 1” x }” angles spaced 24” 
apart 
Shell 12 s.w.g. (-104”) with frames 
not more than 24” apart 
10 s.w.g. (-128”) with frames 
not more than 36” apart 
(For any boat shell not to be 
less than 12 s.w.g. nor more 
than 10 s.w.g.) 
Floors 6” deep 12 s.w.g. flanged and 


cross connecting frames 


3” x 2” x vs” B.A. or equivalent 
in one length each side 


Gunwale bars 


It is required that a good shift of butts should 
be arranged in the shell plating over the midships 
portion of the boat. Seams should be single 
riveted and butts double riveted with rivets 
ty in. or 7 in. diameter, spaced not more than 
4 diameters apart. Rivets vs in. or @ in. 
diameter are recommended for the connection of 
shell plating to keel, stem and sternpost. The 
spacing of rivets in frames and floors to shell 
should not exceed 7 diameters and in gunwales 
they should be about 12 diameters. The lifting 
plates to which the lifting hooks are attached 
should be well riveted to the keel and @ in. 
diameter countersunk rivets are the minimum 
recommended. It should be noted that anodised 
rivets are not to be used. 


For watertightness in riveted watertight joints 
and in frame and floor connections to shell a seat- 
ing compound or compound coated fabric is 
usually necessary between the faying surfaces 
and it is recommended that this be kept to a 
minimum. For obvious reasons it is suggested 
that the surfaces should receive a priming coat 
before the compound is applied and that rivets 
should be knocked up cold. 


In an alloy boat it is necessary to increase the 
capacity of the buoyancy tanks by an amount in 
eubie feet equal to 13 times the weight of the 
alloy in the bare hull in order that the buoyancy 
may equal that of a wood boat. A further 
inerease is required for boats carrying more than 
100 persons. The seantlings for aluminium alloy 
buoyancy tanks are as follows :— 


Built - in tanks i 12 s.w.g. (-104) if 3ft. in length 
(not to exceed? 14 s.w.g. (-080) if not more 
3ft. in length) than 2 ft. in length 


20 s.w.g. (-036) and may be 
welded if alloy suitable 


Loose tanks 


The strength test for aluminium alloy lifeboats 
is that required for lifeboats of ordinary 
materials, namely, that when loaded with weights 
equal to the full complement of 165 Ib. per 
person, plus equipment and 25 per cent of the 
total weight of the lifeboat, equipment and 
persons, the deflection where suspended by the 
slings shall not exceed the length divided by 400. 
While not stated in the requirements it is usual to 
limit the transverse deflection of the sides of the 
boat to between 3 in. and } in. The permanent 
set if any should be measured. 
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The advisability of avoiding bi-metallic con- 
tacts, or if unavoidable, of suitable insulating, 
and of separating timber from alloy, is stressed. 
Also a short paragraph is devoted to the necessity 
of de-greasing and wire brushing before priming 
with zine chromate type and painting with zine 
oxide base type. 


It is interesting to note that in the Instructions 
to Surveyors the possibility of welded alloy boats 
is not excluded. It is stated that full particulars 
should be submitted where welding is proposed. 
It is the Author’s opinion that with the manual 
welding processes available, welding of shells 
below 10 s.w.g. would be extremely difficult even 
to a most skilled welder, and knows of no case 
where this has yet been achieved sufficiently well 
to make it a proposition. 


Many of the marine eireles appear to hold the 
view that light alloy lifeboats require too much 
attention, being liable to damage from chafing of 
wire ropes or perhaps yellow metal engine com- 
ponents that may be left lying in the bottom, or 
even the appliance of wrong types of paints, and 
that fitting them is only justified by an acute 
necessity to save top weight in a ship. The arrival 
of Fibreglass lifeboats has, therefore, aroused 
great interest and while the evidence so far avail- 
able seems to indicate that boats in this new 
material will require less attention and care they 
cannot yet compete with light alloy on a weight 
basis. 


It may be that there is considerable scope for 
a future combination of the two materials in these 
life-saving appliances. 


SHIPS’ SIDE SCUTTLES 


Aluminium alloys of the casting type, namely, 
LM6 and LM10 have been aceepted by M.O.T. 
and the Society for side scuttles in specified 
positions. The alloy LM5 has for some time now 
not been considered suitable although it is believed 
that in the past some seuttles were cast in this 
material. 


To date, the positions where alloy side 
scuttles may be used are situated in and above the 
first tier of erections above the bulkhead or free- 
board deck. 


B.S.3024: 1947 Ships’ Side Seuttles gives 
tables of scantlings for scuttles in various 
materials such as naval brass, bronze, malleable 
cast iron, ete. Those scantlings may be used for 
light alloy seuttles provided that in the first tier 
above the freeboard deck they conform to Table 4 
of the Standard and in the second and third tiers 
above to Table 5. 


The ultimate tensile strength of test pieces cast 
from the same melts as the seuttles should not be 
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less than ten tons per square inch in conjunction - 


with an elongation of 7 per cent on two inches. 
Tn addition, a bend test should be carried out on a 
completed frame where an angle of 20° to 25° 
should be reached without failure. Guidance on 
the number of tests, ete., may be taken from 
M.O.T. “Instructions to Surveyors”. It is under- 
stood that some difficulties are being experienced 
with the bend test when LM6 is used, but this 
can be overcome if the more expensive LM10 
alloy is employed. 


With light alloy seuttles it is considered that 
the nuts, bolts, pins and handles should be of 
some material such as stainless steel or nickel 
silver. 


In a case where the position of the side seuttle 
was such that a deadlight was not required or not 
required to be permanently fitted, the use of a 
deadlight of a dissimilar metal has been permitted 
on the grounds that the contact between the two 
metals would only occur in exceptional cireum- 
stanees and corrosion by electrolytic processes 
would not therefore constitute a serious problem. 


It is pointed out that the contact surface 
between the side scuttles and the steel shell or 
deckhouse plating should receive consideration. 


CONCLUSION 


From the foregoing general outline of the 
history, application and requirements for alumin- 
ium alloys, it -will be appreciated that there are 
certain decided advantages for the naval architect 
in adopting light alloys, but these are not forth- 
coming without attendant troubles unless due 
attention is paid to the metal’s inherent charac- 
teristics. 


Under present circumstances, the primary con- 
sideration in the use of alloy material must be 
that of cost balanced against the advantages to be 
gained. One eminent shipbuilder has recently 


shown that if the poop and midships houses were 
built of aluminium in a 600 ft. ore carrier, a 
straightforward gain in cargo deadweight of 300 
tons would result, but it would take ten years’ 
trading to offset the higher cost of the light metal 
houses. In large passenger vessels the com- 
parisons are not so easily formulated, as other 
factors such as an upper limit to beam, stability 
and inereased passenger spaces are involved. 
There is increasing interest by various builders 
in large alloy deckhouses for passenger ships so 
it may be safe to assume that some of the advan- 
tages are now beginning to outweigh the 
considerations of cost. 


The ease in fabrication and absence of acute 
notch sensitivity in shipbuilding alloys at low 
temperatures must not be overlooked when 
assessing the advantages of aluminium. A recent 
proposal to carry liquid methane at —250°F. in 
light alloy tanks lined with balsa wood shows the 
great interest in the metal in this respect. 


Tables in the appendix indicate the chemical 
and mechanical properties of various alloys avail- 
able for shipbuilding, but it is emphasised that 
although the tables show a wide range, not all of 
these alloys can be recommended for use in ships. 
It is probably most desirable that one alloy only 
should be standardised for shipbuilding and thus 
save the elaborate precautions that otherwise 
need be taken to segregate stocks of various 
alloys. The idea of a standard alloy was recently 
advanced in a paper by Mr. H. J. Adams and has 
been well received in many circles. 


Aluminium alloys can safely be termed expen- 
sive, and as such, warrant careful consideration in 
the storing, working, erection and painting, ete., 
if corrosion and additional expenditure are not to 
be encountered. The possibility of galvanic cor- 
rosion arising from carelessly constructed bi- 
metallic joints cannot be overstressed nor can the 
danger of corrosion resulting from the use of 
strong alkali washes. It is the Author’s experi- 
ence that in most cases where corrosion has 
oceurred it could be attributed to either a lack 
of knowledge of the inherent characteristics of 
light metals or rank carelessness. 


In view of the various troubles that may arise 
unless certain precautions are observed both 
initially and during the life of the alloys on board 
ship, it is considered that the adoption of alumin- 
ium alloys in shipbuilding should always be on a 
functional and not a fashionable basis. 
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APPENDIX 


PrysicAL PROPERTIES OF ALUMINIUM 


Atomic Number af: 
Atomie Weight 26°97 
Atomic Volume 10:0 
Valency 3 
Density (lb./eu.in.) at 20°C. 0° 0975 
Young’s Modulus (lb./sq.in.) 9-9X10-6 
Torsion Modulus (lb./sq.in.) 375 10% 
Poisson’s Ratio 0°34 
Co-efficient of Thermal Expansion (20-100°C.) 23-5 X 10-6 
Specific Heat (0-100°C.) (cal./gm.) 0°211 
Melting Point (°C.) 660 
Boiling Point (°C.) 1800 
Thermal Conduetivity (C.G.S. Units) 0°54-0°57 
Latent Heat of Fusion (cal./gm.) 93 
Electrical Resistivity (microhms/c.c.) 2°65-2°95 (B.S. 215 : 2845) 
Solidification Shrinkage (°/) 6-7 
Reflectivity (°/, for White Light) 75-85 
Magnetic Susceptibility (C.G.S. Units) 0°58 x 10-6 


Electrochemical Equivalent (gr./amp.hr.) 0°3354 


32 


Figure 1 Wrovucut ALump 
B.S.S. MECH. PROPERTIES 
ee ALLoy Seats THICKNESS Pace | — 
Ss INDITION OR | TANDARD 5 | ms 
MATERIAL a aa SECTION DIMENSIONS Spec. 01% Proof UTS. | % Elo 
tons/sq. in. tons/sq. in. 2 in. gau. 
NP 4 fo) — — _ _ 
M 0-253 in. to 0-5 in. * pa 12-0 12 
0-5 in. to 1-0 in. incl. a = 12-0 15 
<4 —EeEeEeEeEeEeEeEEEy—L———————E 
~ 
NP 5/6 re) Posi sa saree os 7-0 17-0 18 
and incl. 1-0 in. | 8-0 17-0 12 
NS 3 ) Up to -252 in thickness a | = 7:5 max. | 30 
: | 7-5 min 
4H ditto | _— OiSined, 12 
F 9-0 min. 
= aie vy 11-0 max. : 
; 10°5 min. 
3H ditto ~- 2S suas n} 
H ditto —_ 11-5 min. 3 
as fe Pe ee 
NS 4 o ditto - | 11-0 min, 18 
— 14-0 max. 
3H ditto 9-0 13-0 8 
3H ditto 12-0 15-0 5 
H ditto = ~ — 
NS 5 fe) ditto ra rae | 14-0 18 
3H ditto 2 11-0 17-0 8 
4H ditto 2 = — _ 
H ditto + a3 = — 
NS 6 fo) ditto 8-08 17-0 18 
4H ditto | 14-0 19-0 8 
4H ditto = 7 — 
NS 7 o (| ditto 9-0* 20:0-23-0 | 18 
HS 10 fe) ditto _ | 11-0 max. 18 
w si ditto 7-0 13-0 | 15 
WP ditto 15-0 18-0 8 
HS 20 fo) ditto — 11-0 max. 18 
ie Caw ditto 7-0 13-0 15 
WP ditto 15-0 18-0 8 
HS 30 | oO ditto = 11-0 max. 18 
Ww ditto 7-0 13-0 15 
we ditto Vv 16-0 19-0 8 
! J | 


Norte.—Typical values taken from data published by aluminium companies. Fatigue strength is semi-range o 


LOYS 
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FIGURE 1 


TYPICAL PROPERTIES 


for endurance of 50 million cycles izod impact from square section test pieces to BSS 3A4 single shear values. 


; | i , | Ult. sheer Bearing Fatigue REMARKS 
x 1% proof UTS. % Elong. i zod Brinell | stress yield stress | strength 
ns/sq. in. | tons/sq.in. 2 in. gau. len.) t. Ibs. | tons/sa. in. | tons/sq. in. | tons/sq. in: 
TYPICAL VALUES FOR 2% Mg. 
13-5 20 35 60 — 13°3: 6-0 
TYPICAL VALUES FOR 44% Mg. 
20 26 70 10-0 19-5 8-5 
24 — 48 8-0 12:0 6-0 
8 = 
6 —_ 7 | 90 15-5 8-0 
3 == | 
f 
24 _ 55 | 9-0 5-0 6:5 *NOT A REQUIREMENT 
10 _— 75 10-0 19-0 fe) 
6 | _ 
; = | 
= 

2 =e 1 Kes 18-5 15 
12 _ 100 12-5 23:5 8-5 
Yd a 


(Continued overleaf) 


Fiaure 1 
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Form Atioy ‘THICKNESS 
OF Ss CONDITION OR 
YMBOL 
MATERIAL SECTION DIMENSIONS 
EXTRUSIONS NE 4 oO 
M 
NE 5 oO 
| M Up to 2 inches 
over 2 inches 
NE 6 oO 
M 
HE 10 Oo 
Up to 6 inches 
Ww - 
over 6 inches 
we Up to 6 inches 
over 6 inches 
HE 20 Oo 
Up to 6 inches 
Ww ji 
over 6 inches 
wpe Up to 6 inches 
over 6 inches 
HE 30 Oo 
Up to 6 inches 
Ww , 
over 6 inches 
WP Up to 6 inches 
over 6 inches 
TUBES NT 4 10] 
(Drawn) 4H 
NT 5 Oo 
4H 
NT 6 fe} 
4H 
NT 7 Oo 
| +H 
HT 10 Oo 
: Ww Up to 16 SWG 
above 16 SWG up to 12 SWG 
12 SWG and above 
up to 16 SWG 
WP above 16 SWG 
HT 20 fe} 
Ww Up to 16 SWG 
above 16 SWG up to 12 SWG 
12 SWG and above 
up to 16 SWG 
WP above 16 SWG 
HT 30 oO 
Ww Up to 16 SWG 
above 16 SWG up to 12 SWG 
12 SWG and above 
up to 16 SWG 
WP above 16 SWG 


Wroucut ALUMINIU 


B.S.S. MECH. PROPERTIES 


BRITISH ——— — 
Ss 
Sree, | 9°1% Proof UTS. % Elong 
7 tons/sq. in. tons/sq. in 2 in. gau. 
A —_ _ = 
— 11-0 18 
| 6-0* 14-0 18 
6-0* 13-0 18 
8-0* 17:0 18 
— 7-0 15 
7-0 12-0 18 
” 6-0 11-0 15 
= 15-0 18-0 10 
<< 13-0 16:0 7 
J 
= } 
wT 
= — 7-0 15 
7-0 12-0 18 
6:0 11-0 15 
15-0 18-0 10 
13-0 16:0 7 
—_ 7-0 15 
7-0 12:0 18 
6:0 11-0 15 
16-0 19-0 10 
Vv 14-0 17-0 i i 
A — 11-0 18 
11-0 15-0 5 
7-0* 14-0 18 
12-0 16-0 5 
8-0* 18 
14-0 BS 
9-0* 20-0 18 
16:0 25:0 =} 
“_ 7-0 14-0 12 
ra 7-0 14-0 14 
+ 7:0 14-0 16 
a 15-0 19-0 7 
u 14-0 19:0 9 
7-0 14-0 12 
7:0 14-0 14 
7:0 14-0 16 
15-0 19-0 7 
14-0 19-0 9 
on | 
7-0 14-0 12 
7-0 14:0 14 
7-0 14-0 16 
16-0 20-0 } ¥ 
Vv 15-0 20-0 | 9 


Note.—Typical values taken from data published by aluminium companies. Fatigue strength is semi-range of st 


FiGureE 1 


TYPICAL PROPERTIES 


Ult. sheer 
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Summary OF CuHEmicaL Compostrion or WrovuGa? ALLOYS 


(NotE:—The compositions are expressed in percentages and are those given in British Standards Specifications) 


Copper Magnesium | Iron \| Silicon | Manganese Chromium i] Zinc | Titanium 
| | | || i (optional) 


MATERIAL 


min. max. | min. max. min. max. | min. max. min. | max. min, max. | min. max. min, max 


0-15 0-40) 0-8 
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FIGURE 3 
Cast ALumintum ALLOYS 


TYPICAL PROPERTIES 


BS 1490-1955 
| Sanp (S) MECH. PROPERTIES 


CONDITION es _ | _ a —— 
| yea 0.1% Proof| U.T.S °% Elon: 0.1% Proof | } | Ult. sheer Bearing Fatigue 
nea ero Nine) = ola EA UTS. | 2 blons. stress yield stress — strength 

tons/sq. in. tons/sq. in. tons/sq. in. 


tons/sq. in. | tons/sq. in. | 2” gau. len. _ tons/sq. in. | tons/sq. in. | 2” gau. len. | 


3 
5 


Nore.—Typical properties refer to the results that may be expected from test bars separately cast in accordance with BS 1490, 
Test pieces from the casting may give different results. 
Typical values taken from data published by aluminium companies: 


Fatigue strength is semi-range of stress for endurance of 50 million cycles. 
Izod impact from square section test pieces to BSS 3A4. 
Single shear values. 


*Should be quenched in oil, not water. 
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SumMMARY OF CHEMICAL ComPosITION OF CasT ALUMINIUM ALLOYS 


Note:—The compositions are expressed in percentages and are those given in British Standards Specification. 
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*Analysis need not be made for these elements if the input material is known to contain them for not more than the amounts shown. 
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Figure 5 


PROPERTIES OF ALUMINIUM ALLOYS 


THERMAL 
CONDUCTIVITY 
3 


AT 0° C. 
C.G.S. Units 


COEFFICIENT 
OF LINEAR 
EXPANSION / °C. 


ELECTRICAL 
RESISTIVITY 
MICROHMS/CM* 


ELECTRICAL 
CONDUCTIVITY 
% 1.A.C.S. 


0-35-0-38 
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0-32-0-34 


0-28 


570-660 
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SPECIFIC SPECIFIC WEIGHT 
HEAT GRAVITY 
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DIAGRAM SHOWING OCCREASE IN ULTIMATE 
STRENGTH WITH INCREASE IN TEMPERATURE. 
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Mr. Harrison’s paper will, I am sure, be of 
great assistance to all Surveyors for he has 
covered the subject in a most comprehensive 
manner. To have both the practical and 
theoretical considerations collected in one paper 
will save a lot of searching through notebooks 
and odd scraps of paper. 


One of the great advantages of aluminium is 
the ease with which unusual sections can be 
extruded for a particular purpose and it would 
be of interest if the Author could tell us the size 
limits for extruded sections. I assume that there 
is a minimum tonnage required to make the 
production of an unusual section an economical 
proposition. 


A very full description of the aluminium super- 
structures on the “Bergensfjord” (mentioned by 
the Author on page 5) has recently been given 
in a paper read to the North East Coast Institu- 
tion. Figure 8 of this paper shows some of the 
special extrusions developed for this particular 
ship. 

On page 21 the Author mentions the possibility 
of corrosion occurring when dissimilar alloys are 
in contact and I would like to know if this is 
likely to occur with the alloys normally in 
marine use for, while great attention is paid to 
aluminium-steel and aluminium-wood contacts, 
I do not think much notice has been taken of 
the joints between aluminium plates and sections. 


Several times the Author draws attention to 
the risk of local buckling. Could he give some 
indication of limiting panel ratios? 


Another use to which aluminium has been put 
in at least one passenger ship is the construction 
of the masts. In this case the saving in weight 
was a great help to the stability. 


Due to supply difficulties Builders often 
propose to use non-L.R. tested material for 
small wheelhouses and it is difficult to refuse 


this since teak wheelhouses were common a few 
years ago. With the comparatively small amount 
of aluminium in use in shipyards at present 
there is probably not much risk of confusion in 
the stockyard but, with the increasing use of 
aluminium which is bound to come, I am 
strongly of the opinion that all aluminium used 
for structural purposes should comply with the 
Society’s requirements. For this reason also I 
would support the idea of a standard alloy as 
suggested by Mr. Adams. 


Mr. J. MCCALLUM 


Mr. Harrison’s paper will form an invaluable 
text-book and guide for all concerned with the 
use of the shipbuilding alloys of aluminium. An 
impressive amount of useful information is 
compressed within its pages. 


The section devoted to riveting is of particular 
interest to the writer, as it was in this connection 
that his experience with light alloys began—at a 
time when thermostatically controlled furnaces 
were few and far between. The procedure at 
this experimental stage was based on incurable 
optimism rather than thermal precision, and 
relied mainly on temperature checks with frag- 
ments of soap and chameleon pellets which 
exhibited changes in colour at the required heat 
over an ordinary riveter’s fire. Suffice to say 
that the first } in. diameter A.W.6 (now N.6) 
rivet cooked in this way was decapitated while 
being knocked up. It must be remarked, how- 
ever, that the remaining rivets of this early hot 
riveting test series behaved admirably, apart 
from the work-hardening resistance effect, 
mentioned by the Author on page 19. It is 
interesting to note that, even under ideal heating 
conditions, accidents can still happen to rivet 
heads and points, and the early crude heating 
arrangements may not, after all, have been the 
principal culprit. 


While in this mildly historical vein, it is worth 
recollecting the sad and dispirited aspect of an 
extruded light alloy section left two or three 


seconds too long in the steel furnace, and the 
melancholy drip of molten metal proclaiming 
the failure of yet another attempt at the hot 
forming of deep framing sections. 


On page 23 the Author states that plating 
thicknesses for the alloy may be found by multi- 
plying the corresponding steel thicknesses by the 
cube root of the ratio of the moduli of 
elasticity. This is, of course, based on the 
criterion of deflection under a bending load, 
and is not strictly applicable if the panels are 
bearing a buckling compressive load. Perhaps 
the Author would care to comment on this point. 
The writer agrees with Mr. Harrison that the 
effectiveness of deck plating above aluminium 
alloy house sides will be reduced due to the 
failure of distorted house side panels to transmit 
shear. A similar effect occurs in the bending of 
thin-webbed alloy extruded sections where early 
failure occurs due to buckling of the web panel. 


With regard to the Author’s remarks on 
page 30, while it is agreed that acute notch 
sensitivity is absent in shipbuilding aluminium 
alloys at normal temperatures, it has yet to be 
satisfactorily demonstrated that a somewhat 
similar phenomenon does not occur in some of 
these materials at very low temperatures. It is 
known that in the case of certain low magnesium 
alloys there exists a predisposition to fracture 
propagation at cryogenic temperatures. The 
state of knowledge on this point does not, at the 
time of writing, include the behaviour of the 
common alloys in the 34 to 54 per cent 
magnesium range. 


Our thanks are due to Mr. Harrison for a 
most informative and readable contribution to 
the records of the Association. 


Mr. W. SAMUELS, k.c.N.c. 


The electric-arc cutting process mentioned on 
page 12 was the subject of an Admiralty patent 
application early in 1953. This process was 
evolved by the Welding Development Labora- 
tory at the Naval Construction Research 
Establishment, Rosyth, during a programme of 
investigations concerning the inert gas metal arc 
welding of aluminium alloys. An _ illustrated 
article containing details of the work carried out 
at N.C.R.E. appeared in the March 1953 issue 
of “Welding and Metal Fabrication”. A licence 
was granted to Hancock & Co. (Engineers) Ltd. 
for the further development of the patent, but 


nN 


although the firm had every encouragement in 
the technical sense, certain factors arose which 
prevented the commercial exploitation of the 
process. A primary factor was the development 
of a similar process in the United States which 
precluded the necessity for a steel wire electrode, 
and enabled significantly faster cutting speeds to 
be attained. This new cutting process was 
demonstrated for the first time at the stand of 
the Linde Air Products Company of New York, 
during the 1955 National Metal Congress held in 
Philadelphia, Pennsylvania. The method is 
known as the “Heliarc” gas-shielded are cutting 
process, and it found immediate acceptance 
among American aluminium alloy fabricators. 
The cuts are of saw-like quality, and the high 
cutting speeds attainable with this process tend 
to reduce processing costs. The process employs a 
constricted arc of extremely high temperature and 
high velocity between a tungsten electrode and 
the non-ferrous workpiece. This concentrated 
energy of the arc stream melts and ejects a thin 
section of material. The jet-like action of the 
arc stream is mechanical, and gas shielding of the 
cutting zone protects the cut face from oxida- 
tion. There has been no earlier process either in 
the U.S.A. or elsewhere, for cutting non-ferrous 
metals comparable with oxy-acetylene cutting of 
steel. Usually, saws and planing devices are 
used for making straight-line cuts, and contoured 
cuts are generally made on a bandsaw or by 
hand-chipping or drilling methods. All the 
advantages of oxy-acetylene cutting of steel are 
now available to aluminium as a result of this 
new process. As an example, } inch thick 
aluminium can be cut at 300 inches per minute, 
and the cutting speed is 125 inches per minute 
for + inch thick material, 75 inches per minute 
for } inch material and 50 inches per minute for 
1 inch material. Slower cutting speeds can be 
obtained by adjusting the controls, and the 
process lends itself to mechanical or manual 
operation in any position for cutting straight 
lines, bevels, circles and shapes. The shielding 
gas differs from that used for welding. The best 
results obtained so far have been with a mixture 
of argon and hydrogen. For machine cutting, a 
mixture containing 65 per cent argon and 35 per 
cent hydrogen is used. For manual cutting the 
optimum mixture is one with about 80 per cent 
argon and 20 per cent hydrogen. In the latter case, 
the lower hydrogen content provides greater 
tolerance for variations in the arc length than is 
required in machine cutting. The early claims 
for this process sounded fantastic, but they were 


confirmed by one of the first production applica- 
tions of this high-speed technique. One specific 
job involved cutting dome holes in aluminium 
tanks, these being previously chipped by power 
tools and requiring 5 hours per hole. The holes 
are now cut manually by the new process in 44 
minutes. Despite the high speed, the resulting 
cut is clean and smooth, and is described by 
fabricators as closely resembling the better cuts 
produced in steel by an experienced operator 
with an oxy-acetylene-torch. The major problem 
in arc cutting of aluminium has been the high 
thermal conductivity, which is about 2-3 times 
that of steel, and the answer lies in the rapid 
heating of the aluminium, so that even heat- 
treatable alloys are affected only locally. It is 
understood that the British Oxygen Company 
have developed an arc cutting process similar to 
the American development, and that commercial 
equipment will be available in the United King- 
dom within the next few months. 


The disadvantages enumerated regarding the 
argon arc process cannot be considered complete 
without reference to the particular difficulty 
associated with fillet welding. Any welded ship 
structure involves fillet welds to a far greater 
extent than butt welds, and the physical size of 
the torch impedes the application of correct 
techniques. Apart from this important practical 
consideration, the argon are process is a rela- 
tively slow process in that its thermal efficiency 
is limited, and this is a fundamental disadvantage 
when applied to the welding of aluminium alloys, 
by virtue of their high thermal conductivity. The 
tangible effect of this inherent limitation is 
distortion, resulting from the necessarily large 
heat input into the welded structure. The 
thermal efficiency of the “Argonaut” process is 
much higher than the argon arc process, and this 
accounts for the higher welding speed with 
consequent reduction of distortion in finished 
weldments. 


The “Fillerarc” process was introduced by the 
General Electric Company, of Schenectady, New 
York, at the 1953 National Metal Congress and 
Exposition, held at Cleveland. I cannot there- 
fore agree with the Author that this process is a 
“further very recent development”. It does not 
appear to be widely appreciated in this country 
that this process represented a technical advance, 
at the time, not so much by virtue of the fact 
that the wire electrode was pulled through the 
gun but because the welding generator, which 
constitutes part of the proprietary equipment, 


had a rising volt-amp characteristic. This latter 
attribute is essential if the true ‘self-adjusting 
arc” is to be attained in practice, and the 
majority of difficulties which have arisen with 
the “Argonaut” process are due to the fact that 
the power sources hitherto available in the U.K., 
whether they be generators or rectifiers have all 
got drooping volt-amp characteristics. The 
“Fillerarc” process is not in widespread use 
either in the U.S.A. or in Canada, and the 
generator is understood to have given certain 
cause for complaint, although no details of the 
actual trouble are as yet available. It is true to 
say that the wire feed method of pulling the 
filler wire through the gun is an advantage, since 
thinner wires may be used, and thus thinner 
materials welded, but this refers to materials 
below x inch in thickness, and for thicker 
materials, such as are used for marine structures, 
this advantage no longer applies. For welding 
normal thicknesses of aluminium alloy material, 
the filler wire is usually vs inch diameter, and no 
difficulties arise in pushing the wire through the 
gun, as is arranged in the “Argonaut” process. 
With the “Fillerarc” process however, the wire 
feed mechanism is incorporated in the gun, and 
this adds considerably to the weight and bulk, 
which is a pronounced disadvantage for manual 
welding. The manual “Argonaut” process, in its 
current form, is regarded as a very satisfactory 
welding tool, and the power source situation has 
been greatly improved by the recent introduc- 
tion of a constant potential (i.e., flat amps-volts 
characteristic) rectifier. This new power source 
has been designed specifically for use with the 
process, and is expected to significantly simplify 
the practical operation of the equipment. It will 
also eliminate the particularly troublesome and 
hitherto unavoidable occurrence of “burn- 
backs”, due mainly to the fact that the arc has 
not been truly “self-adjusting” with previous 
power sources. It can be said that the constant 
potential power source represents the biggest 
step forward in aluminium alloy welding equip- 
ment since the advent of self-adjusting arc 
welding in 1952. 


The reason the Author offers for the more 
intense arc and increased radiation (see page 18) 
is not quite correct. When the “Aircomatic” 
process was introduced in the U.S.A. the 
Americans were using material in the magne- 
sium-silicide group, i.e., those alloys containing 
small quantities of magnesium and silicon as 
alloying elements (e.g., 61S-T6) and the filler 


wire used was usually a 5 per cent silicon alloy. 
Due to the high current density used with the 
filler wire, the arc radiations were more intense 
in the infra-red range, and an auxiliary filter of 
heat-absorbing glass was therefore employed, 
in addition to the normal welding filter similar 
to those used for arc welding of steel. The first 
experimental work carried out in the U.K. was 
done with filler wire provided with the Airco- 
matic equipment purchased from America, and 
it was soon realised that this was not suitable 
for welding the British magnesium alloys. A 
magnesium alloy filler wire was produced by the 
Aluminium Wire and Cable Company of 
Swansea (who today provide most of the wire 
used with this process), and it was during the 
early stages of work using this new wire that 
several cases of eye strain and skin burns 
focused attention on the important matter of 
protection. An urgent investigation was under- 
taken by the Admiralty, and it was found that 
the visible light radiation was considerably 
greater in intensity than that associated with 
mild steel electrodes in common use, and also 
that the infra-red and ultra-violet radiations 
were abnormally high. This resulted in the use 
of darker shades of eye filters for welding opera- 
tors. with an auxiliary heat-absorbing glass filter, 
fitted with a 1 millimetre air gap between the 
two. The function of the auxiliary filter is solely 
to absorb the heat radiated by the eye filter, 
and its efficiency is improved by the air gap, 
thus avoiding transference of heat by conduc- 
tion. This filter combination is also effective in 
providing adequate protection from the ultra- 
violet radiation, which can induce severe 
irritation of the eyes and skin. Protection to 
other normally exposed parts of the welder, such 
as the scalp, hands and neck was also found to 
be required. 


During structural welding on aluminium alloys, 
personnel employed in the vicinity of welders 
are likely to be exposed to harmful radiation 
by reflectance. The Admiralty investigation 
included recommendations for the protection of 
such persons, which involved the use of goggles 
fitted with 3GWIF lenses (B.S. 679:47), and 
protection to normally exposed parts of the 
body. It was also strongly recommended that 
the goggles be fitted with a leather bridge apron 
and side shields to provide complete protection 
from side radiation. Ns 


The normal duties of Surveyors take them 
into the proximity of welding operations on 


ships under construction or repair, and they 
are therefore familiar with the simple precau- 
tions when steel structure is involved. It is 
emphasised, however, with all sincerity, that 
these measures are utterly inadequate where 
“Argonaut” or “Sigma” welding of aluminium 
alloy is being used, and anyone who fails to take 
the precautions which have been described 
above, is very likely to incur “are eye”, and to a 
lesser degree, skin burns. Anyone who may 
regard this advice cynically may also care to note 
that during the erection of the aluminium super- 
structure on the ‘“Bergensfjord”, only tack 
welding was done during the day shift. The 
welding was otherwise completely carried out 
by the welders on night shift, with the almost 
complete absense of other workers. 

The Author’s chapter on the subject of rivet- 
ing serves to emphasise the elaborate precautions 
which are required when this extremely tedious 
and necessarily painstaking method is employed 
for large structures. The designer has no more 
satisfaction than the builder with this particular 
joining method, since the joint strength is poor 
compared with the parent plate, as illustrated by 
the following figures : — 


Joint Strength 
(°% of parent plate) 


Type of Joint 
(Plates NP5/6, rivets NR6) 


4 in. dia. rivets, W.T. spacing | 
, 25 
Chain riveting in y% in. plate \ 


= in. dia. rivets, W.T. spacing } 
40 
Reeled riveting in x% in. plate \ 


The above results were obtained from practical 
tests, the joints failing through shear of the rivets 
under normal loading conditions. The joint 
strength of a radiographically acceptable butt- 
weld would be at least 85 per cent compared 
with the parent plate. 


The sad fact which tends to be overlooked 
when considering riveted aluminium structural 
joints, is that when failure by shear occurs, the 
mean stress in the plating is only about equal 
to the 0-1 per cent proof stress of the material. 
This may not dismay the designer working to a 
stress somewhat below the 0:1 per cent proof 
stress of the material, and indeed is probably 
justifiable if nothing more is required of the 
structure. But in warship design something more 
is usually required, and that is the ability of a 


structure to withstand damage, or to put it 
another way, the ability of a structure to absorb 
energy before failure. Using this criterion, the 
riveted joint cannot hope to compete with the 
welded joint, since the parent plate cannot 
develop anything approaching its ultimate stress 
before the rivets fail by shearing. With a welded 
joint the parent plate can be loaded well into 
the plastic range (e.g., 14-15 tons/square inch) 
before failure occurs at the weld. This design 
criterion is not usually required for mercantile 
structures, yet it must surely appeal to the archi- 
tect who desires to use his materials in the sound 
engineering sense. The virtue of the welded 
structure, from the Naval Constructor’s view- 
point, is the ability of such structures to behave 
in a dignified manner when loaded to destruction. 
This virtue would be demonstrated if the 
structure were involved in the blast from a 
“fissile missile”, or from any other high explosive 
missile, which after all has only to be big enough 
and close enough. 


In view of the above, it is undoubtedly very 
fortunate for both the designer and builder, that 
welding processes have been so quickly deve- 
loped which are entirely suitable for structural 
fabrication. It would not be untrue to suggest 
that the use of riveting for marine structures has 
only been tolerated in the past due to the absence 
of a suitable welding process, and it is signifi- 
cant—and a matter for some national pride— 
that the large aluminium superstructure on a 
transatlantic liner (the “Bergensfjord”), involv- 
ing the use of 350 tons of plate and extruded 
sections, was almost completely welded. This 
particular vessel has the largest welded alumin- 
ium superstructure afloat, and represents the 
first major aluminium structure to be welded 
by a British shipyard. It is heartening to realise 
that it will be only a matter of about four years 
before the projected Orient liner is due to be 
completed. This vessel, which is to be built at 
Vickers-Armstrongs, will be the largest built in 
the United Kingdom since the “Queen Elizabeth”, 
and will have a welded superstructure involving 
the use of about 1,000 tons of aluminium. 


Since the advent of the inert gas self-adjusting 
arc process, the arguments associated with the 
“welding versus riveting” methods of construc- 
tion are now similar to those applicable for steel 
structure. As in the case with steel, welding 
leads to a lighter structure than riveting and 
savings of about 20 per cent are not unreason- 
able. Apart from its design virtue in giving a 


structure of higher strength/ weight ratio, we are 
led directly to economic considerations. A sav- 
ing of say 20 per cent of weight in the final 
structure might well correspond with a saving of 
about 25 per cent in invoiced material, and at 
£300 a ton this is not to be ignored. From the 
fabrication aspect, welding might realise an 
overall saving of as much as 20 per cent com- 
pared with riveting. 


It is interesting to hear of the prejudice 
reported to be growing at the present time 
against the use of N6 material for rivets. I hope 
it will grow rapidly in the future against the 
use of rivets generally; cases of rivet heads or 
points dropping off will arise quite regularly, 
until the faulty rivets are all revealed by 
“losing their heads’, and, of course, the replace- 
ment rivets must be properly driven to prevent a 
recurrence of trouble. There are many faults 
that can—and do—arise in riveting, and the 
paradoxical situtation that now exists is that it 
is easier to detect defects in a welded joint than 
in a riveted joint. For example, radiography 
will reveal all the possible defects in a welded 
joint, and nothing further is required in the way 
of non-destructive testing. With a riveted joint 
however, radiography will only reliably detect 
rivets which have been driven so that the points 
are “off centre’—a comparatively common fault 
even in the best shipyards. The presence of any 
cracks formed, due to excessive work-hardening 
during driving, may not be detected, since, unless 
these cracks lie in the plane of the X-rays (or 
gamma rays), they will not show up clearly on 
the radiograph. 


Despite the mass of laboratory evidence which 
has been poured out of universities, company 
research establishments, the B.S.R.A. and other 
bodies, the unpalatable fact remains that 
although the animal, vegetable and mineral 
combination of glue, calico and aluminium can 
be assembled into a watertight joint of sorts, 
consistency of results cannot be guaranteed, and 
the results are, at their best, an affront to sound 
common sense. Even supposing that aluminium 
rivets could be found which possessed superior 
mechanical properties to those of the parent 
plate, or that steel rivets were to be used, the 
lines of perforations in the plating of the joint 
represent an inescapable weakness. So far as 
tensile stressing is concerned, comparison with 
a sheet of postage stamps provides a homely 
analogy. 


The performance of aluminium riveted joints 
also shows up very badly under mild fatigue 
conditions of loading. It is no doubt a tribute 
to the Society that very few structural defects 
due to fatigue occur today in vessels of steel 
construction, and this is probably due to the 
avoidance of excessive vibration, and to good 
design detail in mercantile construction. The 
inclusion of riveted joints in aluminium super- 
structures is, however, attended by the latent 
hazard of failure due to a phenomenon known 
as “fretting corrosion”. This type of failure 
always occurs in the parent plate, through a line 
of rivet holes, and can even occur in the steel 
plate forming a bi-metallic joint. An Admiralty 
investigation was carried out several years ago, 
in which both aluminium cold-driven and steel 
hot-driven rivets were used to fabricate the test 
pieces, and the results were approximately the 
same in both cases. It was found that for a treble 
row lap joint using N6 material for both rivets 
and parent plate, the fatigue limit was approxi- 
mately 1°5 tons/square inch in pulsating tension. 
Considerable experimentation with alternative 
inserts between faying surfaces, riveting practice, 
joint design, etc., only succeeded in increasing 
this figure to 2 tons/square inch. A more recent 
investigation, although very limited in scope, 
involved plate material in the N5/6 alloy, and 
N6 rivets. It was found that the fatigue limits 
in pulsating tension for the parent plate, a butt 
welded joint and a riveted joint were 10, 5°5 
and 1:5 tons/square inch respectively. The 
mechanism of fretting corrosion is now fairly 
well understood, and although arguments may be 
advanced to mitigate apprehension at the use of 
riveted joints in aluminium marine structures, 
it must be emphasised that such joints possess 
all the contributory factors. 


It must be mentioned in fairness, that 
Admiralty post-war experience with aluminium 
alloy riveted structure has been considered 
generally satisfactory. This applied particularly 
to the conversion of destroyers to A/S Frigates, 
the first two vessels, the “Rocket” and “Relent- 
less’ being completed at Devonport and 
Portsmouth respectively. No cases of fretting 
corrosion have been reported, and apart from 
the occasional detection of a headless (or point- 
less) rivet, the only other defects, and these were 
comparatively trivial, have been confined to the 
occurrence of corrosion at bi-metallic connec- 
tions. Now that the Dockyards and shipbuilding 
firms are well acquainted with fabrication by 


welding, the use of riveting has been very 
properly abandoned wherever possible. 


The Author’s note on bolting is very brief, and 
I think the important application he had men- 
tioned justifies a more detailed treatment. Ina 
riveted or bolted aluminium alloy joint, an 
impregnated fabric insert is used when water- 
tightness is required. For bolting, however, 
although an increase in strength is achieved, 
additional precautions are required to prevent 
corrosion. ‘Thus, in the past, riveting has been 
employed, since defects due to corrosion were 
thereby avoided, even though it was not always 
possible to avoid subsequent defects in the rivets. 


For bi-metallic connections, precautions 
against corrosion are a stringent requirement, 
and are applicable for either riveting or bolting. 
Taking riveting first, it is now considered bad 
practice to use aluminium alloy rivets, since 
these are very susceptible to corrosion in addi- 
tion to the other possible defects of a mechanical 
nature. If such a joint required adequate 
inspection, or essential repairs, it would be 
necessary to remove fire protection and decora- 
tive linings, if fitted, to provide accessibility. Thus 
aluminium alloy rivets are not reliable where 
both sides of the joint are not easily accessible 
for inspection and maintenance. 


An alternative practice which has _ been 
adopted for bi-metallic joints is the use of hot- 
driven steel rivets. If the aluminium house side 
is arranged on the outboard side of the steel 
boundary bar, then admittedly the couple 
formed’ by the steel rivet heads and the alumin- 
ium plate is exposed to the weather, but this side 
of the joint is easily inspected and maintained. 
The use of hot steel rivets burns the fabric insert 
in way of the rivet hole, and may even partially 
melt the material around the hole in the alloy 
plate. Corrosion is therefore likely to occur 
where the inhibiting properties of the jointing 
compound have been destroyed, and the water- 
tightness of the joint may also be impaired. It 
is also impossible to insulate the hot-driven steel 
rivet from the material around the rivet hole in 
the alloy plate, and corrosion may occur if any 
moisture in the fabric insert becomes effective as 
an electrolyte. Thus hot-driven steel rivets may 
provide a mechanically superior joint compared 
with aluminium alloy rivets, but they are likely 
to be attended by subsequent corrosion defects, 
especially when accessibility to both sides of the 
joint is restricted. 


Bolting represents another alternative practice 
which has been adopted for important bi- 
metallic joints, and the application mentioned by 
the Author provided a mantle of respectability, 
if such is needed. It is still essential to provide 
insulation between the steel and the aluminium, 
and this involves the added measure of fitting 
ferrules and washers of inert material, such as 
neoprene. The significant fact is that the result- 
ant connection affords the attainment of a higher 
degree of protection from corrosion in a_bi- 
metallic joint than can be achieved by the use of 
rivets. This is a major consideration, since the 
relevant advantages of aluminium, such as corro- 
sion resistance and reduced maintenance, may 
not be realised at all unless proper attention is 
paid to details at bi-metallic connections. 


The Author’s note on corrosion is justifiably 
reasonably comprehensive, and he has done well 
to amplify the relevant portion of the Guidance 
Notes issued with Circular No. 1880. The 
methods of degreasing and etch priming, 
required to ensure good adhesion of paint 
systems to aluminium and its alloys, are now 
well established as practical shipyard techniques. 
Experience has also revealed the need to avoid 
the use of paints and compositions containing 
lead, mercury, mercury salts and copper, and the 
Author very wisely repudiates the claims from 
commercial sources that such paints are 
innocuous if applied under certain conditions. 
Aluminium is far less dependent than steel on 
the protection afforded by paint, and provided 
adequate pre-treatment of the material has been 
carried out, the paint itself lasts longer, since 
corrosion products do not tend to spread beneath 
it from local chips or “holidays” in the coating. 
The application of paint to the surfaces of 
aluminium alloy structure provides some degree 
of protection, quite apart from the decorative 
aspect. It will protect the aluminium from direct 
attack by corrosive constituents in exhaust gases, 
such as lead or sulphur compounds, and also 
from the presence of liquid containing traces of 
copper. It is regarded as good practice to paint 
any aluminium surfaces that are situated behind 
decorative linings and fire protection, and indeed 
any surfaces that are inaccessible generally on 
completion of fitting out. 


The aluminium industry may well advocate 
the practice of leaving marine structures in the 
natural unpainted finish of the alloys. Unfor- 
tunately they do not always practice what they 
preach. It is indisputable that the adoption of 


such a practice would lead to economy, since 
the labour and materials involved in degreasing, 
etch priming and painting are expensive. There 
remains, however, the problem of maintenance, 
and it is important to bear in mind that this 
would be increased for the areas of unpainted 
material exposed to the elements. It may also be 
pertinent to note that the Ministry of Transport 
recommend that aluminium alloy lifeboats 
should be painted to avoid possible corrosion 
due to funnel gases. At the present price of the 
material, the aluminium industry is probably 
justified in emphasising any feasible recom- 
mendations it may make, in order to present the 
most favourable data to shipowners considering 
the economic aspects. The recommendation for 
unpainted aluminium structure in ships of 
composite construction cannot be entertained 
however, unless the available resources for the 
practice of good ship husbandry are adequate 
to meet the increase in attention necessarily 
involved. 


The Author has quite rightly emphasised the 
importance of adopting measures to avoid 
galvanic corrosion. This form of corrosion does 
not occur in dry conditions; the presence of an 
electrolyte is necessary to complete the circuit. 
In ships, however, this is often present, either as 
seawater or as polluted condensation, and all 
bi-metallic joints must therefore be suspect. In 
Overcoming galvanic corrosion the first step is 


therefore to eliminate avoidable bi-metallic 
joints, where possible. 
In composite construction, however, there 


must obviously at some points be structural 
connection between aluminium and _ other 
materials, usually steel, and correct design and 
protection of these joints, though it need not be 
elaborate, is important if corrosion troubles are 
to be avoided. Protective measures have three 
separate aims: electrical insulation of the 
metals; exclusion of the electrolyte; and provi- 
sion in some easily replaceable form of a third 
metal more anodic than either of the others, 
which itself corrodes “sacrificially”, inhibiting 
the interaction of the structural metals. Most 
protective systems for aluminium have more 
than one of these objects, usually the first two, 
and sometimes all three are combined. 


Considering the structural bi-metallic joint 
(aluminium to steel) in detail, there is ample 
evidence to support the recommendation that 
the steel part of the joint (normally a curtain 


plate or angle bar) should always be hot dip 
galvanised. Where this is not possible, it is 
usual to employ a metallising process to apply 
a coating of zinc or aluminium to the faying 
surface, or simply to apply a coating of alumin- 
ium paint, but none of these alternatives can 
compete with galvanising under normal marine 
conditions. 


The remaining precautions required will 
depend on the type of connection being used, 
e.g., riveting or bolting, and have been men- 
tioned previously in my remarks on bolting. It 
may be mentioned, however, that when bolting is 
employed it is good practice to provide 
additional protection by electro-galvanising the 
bolts and securing nuts, even though insulating 
sleeves, ferrules and gaskets are also used. A 
steel washer is usually inserted between the head 
of the bolt and the nut, and the aluminium plate, 
to prevent scoring of the latter, and here again 
it is normal practice to galvanise the washers 
and insert a further washer made of neoprene 
between the steel washers and the plate. The 
faying surface of the aluminium plate is given 
the usual coating of zinc chromate paint, but 
the impregnated fabric insert is replaced by a 
neoprene strip, slightly wider than the joint. The 
result has been found to provide adequate protec- 
tion from galvanic corrosion for bi-metallic 
joints totally immersed in seawater for long 
periods, and even if regarded as unduly 
elaborate, they are worth the additional effort 
involved. The  bi-metallic joints on _ the 
“Bergensfjord” are an example of such elaborate 
practice, and I think this vessel sets a worthy 
precedent in this respect. 


The Author’s section dealing with the deter- 
mination of scantlings reveals a very cautious 
approach to a very controversial subject. For 
Naval design it is usual to derive the scantlings 
of aluminium alloy structure by means of direct 
strength calculations, and this procedure can, of 
course, be reinforced, where thought essential, 
by full-scale tests on fabricated portions of the 
structure involved. By this means it is possible 
to extract the maximum possible advantage from 
the application of light alloys, and, of course, 
this may also afford a substantial saving to the 
public purse as a secondary benefit. My follow- 
ing remarks are confined to mercantile design. 


The primary and secondary structure of 
modern dry cargo ships and tankers consists 
mainly of plate grillages, and the stress distribu- 
tion is as yet not completely understood. In 


these circumstances it seems reasonable to 
assume that for the structural application of light 
alloys, comparative dimensioning with steel 
ships will serve a necessary and useful purpose, 
until a comprehensive theoretical approach to the 
problem is evolved. It is, of course, important 
to bear in mind that the efficiency of this design 
method depends very largely on the steel ships 
taken as a basis, and it is fortunate that the 
Society’s Rules are available to provide such a 
sound foundation. 


The so called “corrosion allowance” on steel 
scantlings as determined by the Rules, is an 
eminently practical consideration, and_ the 
aluminium industry may perhaps be forgiven 
their aggressiveness in attacking it on account 
of their outlook, which is predominantly 
predatory. The wisdom of the corrosion allow- 
ance is borne out by the post-war frigate 
programme, when ungalvanised plating was used 
for the first time for the relatively thin shell 
plating. Before the war it was the practice to 
use galvanised plating for all the shell plating, 
since weight limitations allowed no margin for 
corrosion. After the war, however, the ship- 
builders were not able to use galvanised plating, 
since riveting had by then been mostly super- 
seded by welding. As a result normal black 
plate was used and since the thickness was not 
increased severe cases of corrosion were experi- 
enced, even at the fitting out stage. The result 
of this experience has been to specify thicker 
plating, or in other words, include a “corrosion 
allowance”. 


It is nevertheless possible, and probable, that 
the current practice of applying conversion 
factors to suitably adjusted steel scantlings will 
result in slightly generous scantlings in an 
aluminium alloy structure. The obvious pallia- 
tive here is to design welded structure, since 
welded construction will afford a greater weight 
reduction over riveted construction for alumin- 
ium than for steel. To this must also be added 
the reduction in fabrication costs. 


It is Admiralty policy to use the non-heat- 
treatable alloys for applications in H.M. ships 
for the reason expressed by the Author. Where 
special requirements arise, however, it is usual 
to incorporate steel structure, and the steelwork 
is galvanised in such cases. There seems to me 
to be no reason why the judicious use of galvan- 
ised steel should not be incorporated in an alloy 
ship structure, and one specific use which I have 
in mind is for pillars. 


To quote a good example: the “Bergensfjord” 
has steel tubular pillars 7 inches diameter and 
-38 inches thick, arranged on the Promenade 
deck. These pillars support the two heavy 
fabricated alloy girders running the full length 
of the Sun deck above. Applying the conversion 
factor applicable to pillars, it is found that an 
aluminium alloy pillar of equivalent strength 
would either have to be 7°18 inches diameter 
solid, or 94 inches diameter 4 inch tubular. 
The solid alloy pillar would be 70 per cent 
heavier than the steel pillar, and the tubular 
alloy pillar about 40 per cent lighter. The 
tubular alloy pillars would therefore effect a 
small reduction in weight, but would also be 
30 per cent larger in diameter than the steel 
pillars. The weight saving is negligible, since 
the total weight of pillaring is very small com- 
pared with the rest of the structure, and the 
increased size may be objectionable where space 
is ata premium. The greatest virtue of the steel 
pillar is that it would not be affected by 
moderate heat, whereas the alloy pillar might 
well have its strength seriously impaired. 


The Author’s remarks on deckhouses are of 
great interest, and illustrate clearly the wisdom 
of maintaining an open mind on the subject. It 
is apparent that comparative strength calcula- 
tions are still, as yet, the soundest procedure for 
determining the scantlings of light alloy deck- 
houses and superstructures, mostly in view of 
the extensive experience accumulated by the 
Classification Societies during nearly a century 
of steel shipbuilding. 


There is, however, no universal agreement 
regarding the actual conversion factors to be 
applied, and the International Standardisation 
Organisation is giving the matter close attention. 


The fabrication and erection of large deck- 
houses inevitably calls for special consideration, 
and this is surely justified by the cost of material 
alone. Prefabrication is now a well established 
shipyard technique, and would be normally 
adopted for structures of any size. The use of 
welding grids for fabricating bulkheads and 
decks is commonplace for steel construction, and 
normally consist of an open framework of steel 
sections assembled to provide a reasonably flat 
platform. For light alloy work, however, it is 
recommended that the welding grids be “plated 
in”, or covered by flat steel plates. By this 
means the light alloy plating is supported over 
its entire area, and local “dishing” is avoided. 


This idea has been adopted by H.M. Dockyards, 
and has been found useful also in that electro- 
magnetic clamping devices can be applied to 
assemble stiffeners prior to welding. The addi- 
tional precautions are useful in preventing 
avoidable local distortion in prefabricated weld- 
ments, since although the material may be one 
third the weight of steel, the welders and other 
personnel remain substantially the same weight 
when employed on either material ! 


Equal care is required when transporting 
weldments to the ship, and it may be mentioned 
here that the use of temporary steel reinforce- 
ment can avoid buckling and loss of shape. 


In conclusion I should like to express my 
admiration for the achievement of the Author in 
writing such a timely and valuable paper. It is 
a measure of his skill in tackling the formidable 
task that the paper does not lose any interest 
throughout its length. It is also a tribute to the 
Author’s assiduity that he has managed to 
confine his subject to forty pages, since it has 
obviously required the careful consideration 
and study of numerous technical publications. 
Finally, the Author has been more than consid- 
erate in these days of abbreviated papers and 
swollen bibliographies, in sparing his readers the 
the task of referring to a host of elusive litera- 
ture, and his paper will no doubt be all the 
more appreciated. 


Mr. K. V. TAYLOR 


The Author has produced a very useful com- 
pendium on aluminium and its uses which 
surveyors will find extremely helpful and 
informative. Largely, I agree with much the 
Author has written, but I am rather critical of 
the section which deals with the determination 
of scantlings. 


I feel that there is no justification to adopt 
as the criterion for the conversion from steel to 
aluminium, a figure based on the ultimate tensile 
strength. The yield stress and the proof stress 
would be the logical figures to use since the 
conversion factors apply to the elastic behaviour 
of the structure. If, for any reason, the factor 
was considered too large, as might be the case 
in H. 10 material, then the factor based on their 
elastic properties could be suitably ‘“‘adjusted” 
to satisfy conscience or policy. 


I would also consider it a great pity and a 
severe blow to the protagonists of aluminium 
if the heat treatable alloys could not be used in 


ship construction, in view of the fact that their 
proof stress is comparable with steel, which 
enables the high initial cost of aluminium to be 
offset. If deterioration takes place under heat, 
it would be the result of a severe fire which, in 
any case, would cause extensive damage even 
with steel structure. 


The question of the corrosion allowance is a 
very thorny one. In one respect, if a structure 
was considered adequate without the allowance, 
a comparison should be made based on this. 
However, as the Author says, one never sees a 
steel structure so corroded that each and every 
member has lost its entire corrosion allowance, 
so that it might well be argued that the effective 
strength of the structure should be based on 
one-half the corrosion allowance. 


Over the last four years Glengarnock have 
been engaged in testing various bulb angle and 
channel sections designed especially for the 
shipbuilding industry. Shortly, details of these 
tests and additional information on the working 
and bending of these sections will be circulated 
to member firms of B.S.R.A. In due course, 
this work will be released for publication, as a 
paper by one of the Institutions. As the Author 
has already mentioned, several hatchway webs 
have been tested for comparison with identical 


10 


steel beams and much useful information has 
been obtained, which is summarised as 
follows : — 


The test results showed that the behaviour of 
an aluminium beam is very similar to that of a 
steel beam of the same design, due allowance 
being made for the lower value of Youngs 
Modulus. The strength-weight ratio of the alloy 
beam was found to be 69 per cent greater than 
that of the steel beam. 


In all the beams tested, failure occurred as a 
result of instability in the compression flange and 
the critical load appears to depend to a large 
extent on maintaining the section undistorted 
during fabrication. Given consistent quality of 
workmanship, however, increases in the elastic 
and ultimate strength-weight ratios of up to 12 
per cent. and 174 per cent respectively may be 
obtained by introducing a parallel portion in the 
middle part of the span. 


Notching the extreme ends of the beams in 
way of the carriers has not been found to be 
detrimental provided adequate doublers are 
fitted to the web and it appears that the beam 
may be tapered to have a depth at the ends of 
less than half that at mid-span, provided the 
section is maintained at full depth for a suffi- 
cient length in the middle of the span. 


AUTHOR’S REPLY 


To Mr. J. B. Davies 


The Author heartily agrees with the statement 
of Mr. Davies that one of the great advantages 
of aluminium is the ease with which sections 
can be extruded. It was not long ago that the 
idea of extruding combined plating and stiffeners 
in circular form was being explored, so that 
after extrusion these unusual sections could be 
straightened and then incorporated into welded 
light alloy deckhouse construction. 


The minimum tonnage required to make pro- 
duction of an unusual section an economical 
proposition is not known but no doubt it will be 
quite small as the making of dies is relatively 
inexpensive. 


Although the possibility of corrosion exists 
where contact between copper-bearing alloys 
and non-heat treatable alloys takes place, the 
Author is of the opinion that the risk is being 
eliminated with the increasing tendency to use 
only non-heat treatable materials in the ship- 
yards; but the Author is also of the opinion 
that a coat of zinc chromate between say heat 
treatable stiffeners and non-heat treatable plat- 
ing would not be amiss where this form of 
construction is adopted. 


With regard to the question of local buckling 
and panel ratios probably the most informative 
work to date is contained in the paper read by 
Muckle before the North East Coast Institution 
of Engineers and Shipbuilders in March, 1948, 
entitled “Resistance to Buckling of Light-Alloy 
Plates”. In this paper the Author gives the 
results of experiments on alloy plates in various 
conditions of hardness in graphical form which 
is most useful for comparison with similar steel 
construction. 


Finally, the Author would again agree with 
the opinion of Mr. Davies that aluminium used 
for structural purposes should comply with the 
Society’s requirements. 


To Mr. J. McCaLLUM 


Mr. McCallum’s humourous remarks on the 
early work carried out on aluminium alloys 
serves to emphasize the progress that has been 
made within the last decade. His inference that 
early crude heating methods may not have been 


the principal cause for rivet failures may soon 
be borne out by the results of investigations at 
present in hand. 


With regard to the conversion factor for plat- 
ing thicknesses it is quite correct that the basis of 
the figure given was for similar deflections. For 
panels bearing compressive loads, the figure 
would require to be suitably adjusted to take 
account of panel size and boundary conditions. 


At the outset of the paper the Author 
expressed the hope that further papers would 
perhaps be forthcoming on the subject and is 
sure that Mr. McCallum’s close association with 
low-temperature testing of light alloys could 
provide excellent material for such a paper. 


To Mr. W. SAMUELS 


The Author would thank Mr. Samuels for the 
compliment of commenting in such detail which 
considerably enhances any value which the paper 
may have. 


Mr. Samuel’s ample remarks on the subject of 
cutting, welding, riveting, fabrication, etc., are 
most interesting and enlightening, especially his 
reference to Admiralty experiences, with which 
he has been closely connected. His comments 
on the increased radiation from aluminium 
welding should serve as a timely warning to 
Surveyors engaged on this type of inspection. 


Once again the Author would thank 
Mr. Samuels for his well considered contribution 
to the discussion. 


To Mr. K. V. TAYLOR 


Mr. Taylor’s remarks on the experimental 
work carried out at Glengarnock over the last 
few years will be of interest to many readers, 
who will no doubt look forward to a detailed 
paper on the work being read to one of the 
Technical Institutions. 


In spite of Mr. Taylor’s criticism of some of 
the methods for determining scantlings given in 
the paper, the Author would stand by these 
methods since they are relatively simple to apply 
and in point of fact are well suited to the non- 
heat treatable materials used in marine struc- 
tures. It must be admitted, however, that the 


factors given are not ideally suited for funda- 
mental work on heat treatable alloys. 


With regard to Mr. Taylor’s suggestion that 
one-half the steel corrosion margin could be 
taken into account when determining the effective 
strength of a structure in light alloy, it is 
mentioned that certain relaxations have already 
been made and it is considered that such struc- 
tures should be examined, after some time in 
service, before more radical reductions are 
contemplated. 


ADDENDUM 


Since the publication of the paper it has been 
pointed out to the Author that as a result of 
further experience’ certain sections require 
amendent as follows : — 


PAGE 20 (LINE 9) 


It is now preferred to use inserts of non- 
absorbent material rather than calico. 


PAGE 22 (LINE 17) 


It is not now specifically recommended that 
aluminium rivets be dipped in any jointing or 


other compound before driving since it is 
thought that an excess of compound may 
militate against perfect hole filling, particularly 
in the vicinity of the head and point. 


PaGes 29 & 30 


The M.O.T. has now decided that side scuttles 
in alloy LM5 can also be accepted in addition 
to LM6 and LM10. 

The standards for side scuttles have been 
slightly amended as follows : — 


(1) Physical properties to be in accordance 
with B.S. 1490/55 for the alloy used. 


(2) In the case of deadlights or plugs of 
aluminium. alloy one deadlight or plug 
selected at random from each 25 dead- 
lights or plugs shall be tested to destruc- 
tion and shall be capable of being bent 
through an angle of 20° without showing 
signs of fracture. 


PaGe 36 Attoy H20 IN TABLE 


The manganese and chromium are alternatives 
and either may be added to the alloy in the 
proportions indicated. 
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CORROSION AND CORROSION PREVENTION 
IN METALS 


By R. E. LISMER 


in service has many forms, depending 

either on the structural properties of the 
metal, the effect of overstress or repeated stress 
cycles at normal or high temperature, or 
finally, corrosion and oxidation at normal or 
high temperature. Corrosion is an_ electro- 
chemical reaction between the surface of the 
metal and its service environment. Metal ores 
are found mainly as oxides, carbonates, 
sulphides or sulphates and it is the tendency 
of the refined metal to revert back to such 
compounds unless protected and however noble 
the metal, all tend to become coated with a 
film of oxide or other adsorbed ion during 
exposure. If this film is insoluble in the corro- 
sive media, or cannot be broken down by the 
environment conditions, then the metal is refer- 
red to as “passive” and the film has retarded 
or prevented corrosion. As in the case of 
stainless steels, the film may be so thin as to 
be invisible and not affect the surface finish 
of the metal. A “passive” film formed in one 
medium may not, however, remain “passive” 
in another mediumand such a film may, indeed, 
accelerate corrosion in the second medium. 
Further, if the surface properties of the metal 
or the nature of the medium are not uniform, 
then localised active areas occur within the 
“passive” film, resulting in “pitting”. This 
entails the formation of electrolytic cells across 
the localised areas of irregularity, which may 
be due, as regards the metal, to the presence of 
foreign particles such as inclusions, less-noble 
constituents, areas in a mechanically strained 
condition, etc.; and as regards the medium, 
to a variation of electrolytic concentration, 
gaseous bubbles, precipitates, impingement, 
differences of temperature, etc. 


oe lene progressive deterioration of metals 


In a dry atmosphere, metals will not corrode, 
because the electrolytic dissociation of water 
into the positive hydrogen ion (H+) and the 
negative hydroxyl ion (OH—) is the essential 
part of the chemical conditions of all corro- 
sion. In ordinary atmospheres the necessary 
moisture is provided directly by rainfall, or 
indirectly by condensation of dew on the metal 


surface or by contact with other materials 
which can absorb moisture. 


The oxide layer formed on mild steels is 
porous, usually lightly adherent and gives poor 
protection. But the addition of elements such 
as aluminium, silicon and particularly chrom- 
ium to steel, will cause the formation of 
tenacious, protective films. For the metal 
elements, there has been built up a table of 
measurements of e.m.f. which reflect the magni- 
tude of the free energy changes that wotild 
result if the metals should corrode under 
standard conditions. These values place the 
commoner commercial metal elements in the 
following order :— 

ANODIC (LEAST NOBLE) END 
Potassium 
Calcium 
Sodium 
Strontium 
Magnesium 
Beryllium 
Aluminium 
Manganese 
Zinc 
Chromium 
Tron (Fe+ +) 
Cadmium 
Cobalt 
Nickel 
Tin 
Lead 
Iron (Fe +++) 
Hydrogen 
Antimony 
Bismuth 
Arsenic 
Copper 
Silver 
Mercury 
Platinum 
Gold 

CATHODIC (MOST NOBLE) END 


This order does not predict the behaviour of 
a metal under certain conditions or that one 
metal will protect another in a corrosive 


medium if they are close to each other in the 
series, since the conditions of the medium are 
also important. In sea water, for example, the 
order becomes : — 


ANopIc END 


Magnesium and its alloys 
Zine and its alloys 
Aluminium alloys 
Cadmium 
Mild steel, cast iron 
Corrosion-resistant steels (active) 
Lead and solders 
Tin 
Muntz metal 
Manganese bronze 
Naval brass 

& = Nickel and nickel alloys (active) 
Brasses, aluminium bronze and copper 
Copper-nickel alloys 
Nickel and nickel alloys (passive) 
Corrosion-resistant steels (passive) 


CATHODE END 


Generally the order is similar, but due to 
practical considerations and reactions which 
occur at local anodes or cathodes, the corrosion 
rates are not in the same order as the potential. 
Other water compositions would give rise to 
different current densities between local anodes 
and cathodes. Some may reduce the current 
to zero, others probably convert cathode 
areas into anodes and the current direction is 
reversed. Within the aqueous surroundings, 
where the metal forms the anode, metal ions 
are dissolved in the liquid at the anode where 
they combine with hydroxyl ions to form 
metallic hydroxide. These compounds are 
usually insoluble, and the precipitate formed 
is subjected to oxidation, and, as in the case 
of iron, will form insoluble red ferric oxide 
which we refer to as rust. Where the metal 
forms the cathode, hydrogen ions are liberated 
to form hydrogen gas, which will either com- 
bine with dissolved oxygen to form water 
or escapes as gas bubbles. It is the rate of 
removal of the liberated hydrogen which 
controls the corrosion rate of the metal, 
because the hydrogen ion in its formation of 
hydrogen atoms takes electrons from the 
surface of the metal. Then the escape of hydro- 
gen from the cathode permits the continuous 
flow of hydrogen ions to the cathode with the 
corresponding continuous removal of electrons 


nN 


from the metal. This allows the continuous 
passage of metal ions into the liquid at the 
anode. The greater the potential difference 
existing between the anodic areas, the more 
vigorous the corrosion. Thus in acid solutions, 
where the concentration of the hydrogen ion is 
higher, the formation of bubbles of hydrogen 
is increased with increasing and progressive 
attack on the metal, due to the higher potential 
differences between the cathodic and anodic 
areas. 


Further, corrosion is also maintained by the 
presence of dissolved oxygen in the electrolyte, 
due to the action between the atomic hydrogen 
and the dissolved oxygen to form water. This 
again serves to remove the hydrogen from the 
cathode and permit the continuous removal of 
metal ions from the anode. 


These two methods of hydrogen removal, 
either as a gas or combined with oxygen to form 
water, result in a type of corrosion which con- 
sists of an even wasting away of the metal 
surface. The action can be stopped by the 
polarisation of the cathode surface or by coat- 
ing the anode surface to prevent contact 
between the metal and electrolyte. 


Summarising, the factors which influence the 
rate of corrosion are: — 


1. ASSOCIATED WITH THE METAL 


(a) Electrode potential or the fact that the 
tendency to corrode is proportional to the 
potential between the metal and its ion in solu- 
tion. This factor is also largely influenced by 
the nature of the corrosive media. 


(b) Nature of the metal surface, such as the 
lack of homogeneous structure due to varying 
composition, presence of detrimental phases, 
difference of grain orientation, inequalities of 
surface finish, etc. These variations give rise 
to potential differences over the surface of the 
metal. One such example is referred to as 
intergranular corrosion, where the properties 
at the grain boundaries allow corrosion to be 
concentrated there, until there is ultimate 
disintegration of the structure. 


(c) The ability of the metal to form a pro- 
tective film. In this case, for full protection 
of the metal, the film should form rapidly, 
uniformly and be completely insoluble in the 
corrosive medium or impervious to the passage 
of an electric current. Metals which have this 


property are at the noble or cathodic end of the 
e.m.f. series, and the films are referred to as 
“passive”, but environment conditions must 
also be noted. 


2. ASSOCIATED WITH THE ENVIRONMENT 


(a) Hydrogen ion activity. This means that 
the higher the acidity of the solution, the more 
severe is the corrosion attack. However, in the 
case of concentrated inorganic acids, which are 
also oxidisers, “passive” type of films are pro- 
duced and can give good protection even on 
mild steels. Halogen acids, not being oxidants, 
will attack metals such as steel and aluminium 
at all concentrations. Metals such as alu- 
minium, lead and zinc, which form salts with 
the metal in the cathode ion are also severely 
attacked by alkalies. Their salts are called 
aluminates, plumbates or zincates, respectively. 


(b) Oxygen in solution. This affects the rate 
of corrosion because it will remove hydrogen 
ions to form water. Concentration of oxygen 
is controlled by many factors, viz., partial 
pressure of oxygen between the atmosphere and 
the solution, area of contact between the atmos- 
phere and the solution, rate of solution and 
diffusion of oxygen, viscosity and motion of the 
water, temperature conditions, depth of immer- 
sion of the metal, passivity of the film on the 
metal surface, etc. 


Differences in the concentrations of dissolved 
gases exist in boiler plants, where, within the 
surrounding water medium, differential condi- 
tions arise from the presence of foreign bodies 
that restrict the access of oxygen to the metal 
surface, or the presence of gas bubbles, irregu- 
larities in materials or the breakdown of the 
protective film. The water itself will be slightly 
electrolytic, produced by either the presence of 
chloride or sulphate salts. 


The form of attack is one of pitting and 
cavity formation with subsequent complete 
penetration of the metal. It most frequently 
occurs in the tubes and the corrosion products 
may form scabs over the cavities. Water will 
then not be in contact with the metal surface 
and thus local higher temperature conditions 
may develop in the boiler tubes causing in- 
creased corrosion attack. As the scabs grow in 
size, their appearance changes due to the forma- 
tion of more stable oxides such as magnetite 
and Fe,0,, or changes in the salt composition 
of the water. 


(c) Other ions in solution. Their effect is 
either through changing the concentration of 
the hydrogen or the metal ions in the solution, 
or the mutual inter-change of several different 
ions, Or some compounds may form deposits or 
coating to give protective layers (such as the 
deposition of carbonates from hard water). 
Other ions may react to form compounds which 
later break down in solution to continue the 
reaction, or which interfere with the formation 
of the protective films. 


(d) Rate of flow. The rate of movement of 
the corroding medium affects the concentration 
of the reacting ions, especially oxygen. The 
presence of gas bubbles, solid particles, etc., 
may break down the protective film. The 
effects of turbulence or high liquid velocity will 
cause impingement attack or cavitation in 
certain areas of low pressure, or cavities due to 
aeration, or wastage due to the erosion of 
porous or brittle constituents within the metal 
surface. 


(e) Temperature. An increase of temperature 
means a speeding up of any chemical reaction 
so that corrosion rates are increased. This is 
due to various temperature effects such as the 
lower solubility of gases in the electrolyte, a 
modification of the solubility of the corrosive 
chemicals, decreased viscosity, circulation 
effects due to temperature differences, etc. If 
the temperature is extremely cold, corrosion 
and particularly atmospheric corrosion is con- 
siderably decreased. ; 

(f) Static stress. There is an increased cor- 
rosion rate at the position of any stress con- 
centration, because at such a position, either 
the potential energy of the metal is increased 
or the protective film is damaged or changes 
exist in the metallurgical characteristics of the 
metal such as phase transformation, precipita- 
tions, etc. Stress corrosion cracking can be 
common even in highly corrosion-resistant 
alloys such as stainless steels, but the environ- 
ment conditions have also to be favourable. 
Season cracking in brass is a similar phenom- 
enon. The condition within the metal is 
brought about by selective structural changes 
adjacent to the grain-boundaries, which causes 
these regions to become anodic to the solid- 
solution matrix and galvanic cells are formed 
leading to corrosion. In the presence of an 
external stress, a high concentration of stress 
develops along the corroding paths as these 
progress in the nature of disrupted cracks until 
final failure of the component. 


(g) Corrosion-fatigue. In any corrosive 
media, metals will corrode rapidly under condi- 
tions of repeated stress. The first action is one 
of pitting, following by the formation of minute 
cracks at the bases of the pits. Even if the 
corrosion conditions are now removed, these 
cracks are sufficient to cause complete failure, 
so that the second stage of the failure is by 
fatigue due to stress concentration. 


In the case of high loading and vibratory 
conditions, the attack is known as fretting 
corrosion. It occurs in tightly fitted parts 
under dynamic service and is caused by removal 
of fine metal particles which are oxidised to an 
extent dependent on the extent of slip between 
the adjoining surfaces. 


(h) Effect of dissimilar metals. In which case, 
one metal is anodic to the other and a galvanic 
cell is formed in which the anodic metal goes 
into solution, although under certain condi- 
tions the cathodic metal also corrodes. The 
degree of attack depends on the position of the 
metals in the galvanic series. 

The methods of corrosion control are asso- 
ciated with four modifications : — 


(a) Addition of alloying elements to the metal 
to ensure corrosion-resistant properties. It is 
also necessary to have metal in a correctly 
heat-treated condition. 


(b) Additions or treatment of the liquid 
medium to exclude dissolved oxygen. 


(c) Use of an electromotive force which 
would induce counter electric currents within 
the corroding system. 


(d) Design features. 


Firstly, a summary is given of the metals 
which offer some degree of resistance to cor- 
rosive media. During the years just prior to the 
Ist World War and as a result of researches 
into the development of a steel to give improve- 
ment of life and efficiency of rifle barrels 
with resistance against erosion and fouling, 
Mr. Harry Brearley, then in charge of the 
Research Department of Messrs. Firth & Son 
Ltd., Sheffield, had proposed the use of a 
chromium alloyed steel. The need at that time 
was for a steel to possess a high melting point 
and higher resistance to oxidation at high tem- 
peratures. During the testing of an electric 
furnace cast containing 0-24 per cent carbon 
and 12-8 per cent chromium, Brearley sought 
by microscopical examination, the explanation 


of the mechanical properties of this steel after 
various forms of heat-treatment. He noted that 
the usual reagents for the etching of the 
polished surfaces of the micro-sections would 
not attack the steel after certain heat-treat- 
ments. Thus, etching being a form of corrosion, 
he was led to deduce that such steels could have 
uses in the food industry and particularly would 
be suitable for the manufacture of cutlery. The 
steel was not suitable for ordnance purposes 
and the first attempts at making knives were 
reported as useless on account of the difficulties 
of forging and hardening. 


Later Brearley developed the technique of 
cutlery manufacture, but due to the attitude of 
his employers who had previously condemned 
the new steel, and his lack of confidence in their 
handling of the patent affairs or the basis of the 
agreement if the steel should turn out to be a 
success, Brearley resigned from the firm. 


Brearley now joined the Research Depart- 
ment of Messrs. Brown Bayley’s steel works, 
but commercial development of this steel was 
prevented owing to the incidence of war. How- 
ever, Brearley had realised that the stainless 
properties of this steel depended not only on its 
composition being within well-defined limits, 
but that certain heat-treatments were necessary 
to produce the required microscopical charac- 
teristics and that the handling of the material 
as regards cleanness and freedom from stress 
were important. Brearley extended his work 
to provide increased resistance to corrosion by 
increasing the chromium content up to 17 per 
cent, but this also increased the difficulties of 
fabrication processes. 


The work of Strauss and Maurer in 
Germany, was aimed to overcome these diffi- 
culties. One method was by the addition of 
nickel, which did not impair the corrosion 
properties but assisted the fabrication processes. 


The development of corrosion resistant steels 
and other alloys has followed the demands of 
the various chemical engineering industries, and 
it should be appreciated that many of our 
modern manufactured materials would never 
have been developed without the availability of 
stainless steels. The selection, treatment and 
fabrication of these steels can only be solved 
by trial under the actual conditions of the par- 
ticular corrosive environment of the chemical 
plant. Chromium-nickel steels are so sensitive 
to slight variations in composition of treatment, 


that laboratory tests under controlled condi- 
tions cannot always simulate the precise minor 
changes within the chemical process itself. The 
oxide film in the case of high chromium steels 
contains a much higher proportion of chromium 
than the base metal. Further increase of 
chromium content will further increase the 
resistance to oxidation, because of the higher 
chromium content of the film. The nickel 
content of the austenitic steels has no great 
influence on the corrosion properties, except in 
the case of certain atmospheres where the 
presence of nickel can be deleterious. 


There are three broad groups of stainless 
steels : — 


(a) Ferritic types or straight chromium-iron 
alloys. The chromium content is up to 27 per 
cent depending on the oxidation conditions in 
service, with the 20 per cent Cr alloy equivalent 
to the well-known 18/8 chromium-nickel steel. 
The carbon content should be low to avoid 
hardening tendencies, which is especially im- 
portant if welding operations have to be carried 
out. The welding properties are not too good, 
and where such procedure is necessary, the 
carbon content should be as low as possible in 
accordance with other properties such as 
mechanical strength. Aluminium can be added 
to improve the weldability because it will reduce 
the hardening tendencies and gives grain refine- 
ment along with better ductility. Titanium or 
niobium can be added to help to stabilise the 
carbon content, if the higher range of tensile 
ranges are required. Mechanical working 
properties and machinability are reasonably 
good. Mechanical properties are generally 
good, but these steels suffer from a developed 
brittleness when used at elevated temperatures. 
This brittleness occurs in the heat-affected 
zones adjacent to welds, and within the areas 
prone to intergranular corrosion. The latter 
can be overcome by the addition of the carbide 


stabilising elements, whilst aluminium will 
prevent the embrittlement effects. 
(b) Martensitic types or higher straight 


chromium steels. The chromium content is up 
to 17 per cent and the group includes the creep- 
resistant steels of about 6 per cent Cr. The 
carbon content varies with the required tensile 
strength, but should be held to a minimum 
because increase of carbon will impair the 
corrosion resistance. Nickel can also be added 
up to about 2 per cent to give useful air- 
hardening tendencies. These alloys are used in 
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the air or oil hardened and tempered condition, 
although in the higher carbon ranges of about 
0:50 per cent, there can be no heat-treatment 
and the steel is used as cast. In the hardened 
and tempered condition, the steels have very 
high toughness and corrosion resistance, and 
include the popular cutlery qualities. 


(c) Austenitic types of chromium-nickel steels. 
The chromium and nickel contents of these 
steels are adjusted to give fully austenitic struc- 
tures and the lowest nickel content is approx- 
imately 8 per cent for an 18 per cent chromium 
alloy. These steels can only develop high 
strength by controlled cold working, and with 
a reduction varying from 0 to 45 per cent, the 
tensile strength will vary from 52 to 104 tons 
per square inch with elongation of 68 per cent 
to 7 per cent respectively. The common range 
of 8 to 10 per cent Ni with 17 to 20 per cent Cr 
has excellent corrosion resistance, and with its 
good ductility can be very severely cold 
deformed. It can be welded readily, but, unless 
the carbon content is very low, carbide pre- 
cipitation occurs within the weld and_ heat- 
affected zones, and if the metal cannot be re- 
treated, intergranular corrosion will take place. 
Again, the carbides may be stabilised either by 
the addition of titanium, in which case the 
presence of very hard inclusions associated with 
titanium compounds interferes with the quality 
of polished surface; or better, the addition of 
niobium. These two additions do not, however, 
offer any prevention against transgranular stress 
corrosion types of cracking, in fact the niobium 
stabilised steels seem to be more susceptible 
than most of the grades. 


There are very little welding troubles, but it 
is preferable to use the ferrite-controlled types 
of electrodes which give deposit of a duplex 
structure and avoid tendencies to hot-cracking. 
Difficulties of penetration or undercutting can 
be avoided by the use of argon-are welding, 
where the oxidation of the alloying elements is 
kept to a miuimum. 


In the case of the application of the 18/8 
type to severely corrosive conditions, molyb- 
denum up to 3 per cent can be added. This 
quality will weld satisfactorily, but pre-heat and 
post heat-treatments are necessary. 


If the nickel content is slightly increased to 
10 per cent, the work-hardening tendencies are 
lower, but the austenite is more stable. This 
will permit more severe cold-forming during 
fabrication. If the temperature of service is 


elevated, then the silicon content is increased 
to 2 to 3 per cent. For free machining proper- 
ties, addition of phosphorous, lead, sulphur or 
selenium are made to the steel, in which case, 
welding should not generally be used. 


Increasing the chromium to 20 per cent and 
the nickel to 10 per cent will give a more weld- 
able steel and if the carbon is kept low, there 
will be no corrosion troubles due to inter- 
granular attack. Increasing the nickel further 
to 13 per cent provides a still lower rate of 
work-hardening and allows more severe cold 
deformation. Further increases of chromium 
and nickel will give greater resistance at higher 
temperatures, but again it is necessary to keep 
the carbon to a minimum to avoid carbide pre- 
cipitation troubles. As these two elements are 
increased the structural stability of the steels 
will gradually be decreased, and the very high 
chrome-nickel steels are not as ductile as the 
18/8 types, but are readily welded. 


The surface of austenitic steels can be hard- 
ened by nitriding treatment such as heating for 
about 30 hours at about 1000°C., in an atmos- 
phere of cracked ammonia. The corrosion 
properties are considerably reduced by such 
treatment. 


All stainless steels can only be manufactured 
in the electric arc or induction furnaces, because 
control of temperature of melting and casting, 
and the alloy quantities added to give correct 
composition are important. The steels are 
always used in the heat-treated condition, be- 
cause maximum resistance to corrosion has to 
be developed besides obtaining the optimum 
mechanical properties. However, the austenitic 
steels have to be treated in order to ensure the 
complete solution of the carbides. The cooling 
rates are usually accelerated, because within 
certain temperature ranges, the carbides will 
reprecipitate along the grain boundaries, thus 
making the steel subject to intergranular corro- 
sion. 


The specifications which cover the ranges of 
stainless steels quote only chemical analysis, 
mechanical properties being by agreement be- 
tween the purchasers and manufacturer. Many 
of the elements used in their manufacture are 
in short supply or are needed for strategic 
purposes. Each quality has its own metallur- 
gical characteristics either at the melting, treat- 
ment or fabrication stage or may display 
particular features under specialised circum- 
stances of service, so that it is necessary to 


know all the detrimental features and how they 
are affected by the slight changes of analysis or 
treatment. This is why the manufacturer 
should always aim to use the minimum of alloy 
element additions for the particular corrosive 
conditions, have a full knowledge of the effects 
of the alloys with respect to the formation of 
detrimental phases or constituents, such as 
carbides, sigma phase or inclusions, and finally, 
appreciate the difficulties of welding. 


The second group of metals to consider are 
the copper alloys. Copper itself is highly 
resistant to the atmosphere, to natural and sea 
water, and to alkaline solutions, except those 
that are distinctly ammoniacal. The behaviour 
of the metal depends largely on the conditions 
of oxidation, or, as in the case of sea water, the 
action of turbulence or aeration, which can be 
very destructive. Copper offers very little 
resistance to atmosphere containing sulphur 
compounds. 


The copper alloys display a wide variation in 
resistance to corrosion and in some cases are 
superior to pure copper. One of their principal 
uses is in heat exchangers or condensers. 
Certain copper-zinc alloys (brasses) undergo a 
type of corrosion known as “dezincification”, 
and this is the gradual breakdown of the alloy 
structure into a brittle and porous copper 
deposition, which will eventually penetrate the 
full section of the component, giving rise to 
structural weakness and leakage. Copper-zinc 
alloys are very prone to this type of corrosion 
in natural or sea water which contains dissolved 
oxygen or carbon-dioxide. To a less degree, 
certain other alloys, such as copper-aluminium 
and cupro-nickel suffer a similar phenomenon. 
Additions, such as tin or aluminium can act as 
inhibitors to the process of “dezincification”. 
For example, Admiralty brass contains 70 per 
cent Cu, 28 per cent Zn with 1 per cent Sn and 
other dezincification inhibitors such as arsenic, 
antimony or phosphorus. 

Copper-tin alloys (bronzes) show better cor- 
rosion resistance than the brasses, whilst the 
copper-nickel alloys are widely used for con- 
denser tubes because they have a high resist- 
ance to the impingement form of corrosion by 
rapidly moving sea water, and at the same 
time, are practically immune from. stress- 
corrosion types of failure. Nickel silvers (alloys 
of copper-nickel-zinc) have good resistance to 
natural and sea water because the tendency is 
for the nickel to inhibit dezincification. Alu- 
minium-bronzes have good corrosion resistance 
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properties, but sometimes selective corrosion 
can occur by an action similar to that of 
“dezincification” of brass. 


In the case of nickel, the passive film formed 
will strongly resist all atmospheres except those 
containing sulphurous fumes, even under con- 
ditions of stress corrosion. Natural or sea 
waters are resisted, although local attack may 
occur under stagnant conditions. Nickel will 
resist most neutral and alkaline salt solutions, 
but is moderately corrosive in non-oxidising 
acid salts and highly corrosive in oxidising 
acid salts. 

The nickel-copper alloys are, in general, more 
resistant under all conditions than pure nickel, 
because of the high nobility of copper. In sea 
water, especially under conditions of turbulence 
or high velocity, there is no destructive corro- 
sion due to impingement, although stagnant 
exposure may cause pitting. 

The “Hastelloy” (Ni-Mo-Fe) alloys have a 
very high degree of corrosion resistance even 
against oxidising acids and halogen acids. The 
“Hastelloy D” alloy, which also contains silicon 
and copper, will resist corrosion in concentrated 
solutions of hot sulphuric acid, and will only be 
slightly attacked under boiling and fuming 
conditions. 


The nickel-chromium alloys (Inconel) are 
also highly corrosion resistant and have been 
developed for the use at high temperatures in 
different gas atmospheres, although oxidising 
sulphurous conditions are destructive above 
1000°F. Ilium, a nickel-chromium alloy with 
copper, molybdenum and tungsten, will resist 
oxidising acids over a wide range of conditions 
of concentration, temperature, agitation and 
aeration, but has limited applications with 
halogen acids and salts. 


The application of aluminium and aluminium 
alloys is a little more complex due to the wide 
range of compositions, forming operations and 
heat-treatment. Generally, the high strength 
qualities, most of which contain copper as the 
principal element, have a lower order of corro- 
sion resistance. The oxide film on aluminium 
and its alloys is rapidly formed and highly 
protective, although under conditions of use 
where there will be a lack of opportunity for 
any damaged film to re-form, certain surface 
treatments are advisable. Further, where high 
strength alloys are necessary, they can be pro- 
tected by a thin covering or cladding of pure 
aluminium or other corrosion resistant metal. 


Aluminium is highly anodic and must be kept 
away from direct contact with the more 
cathodic metals such as copper, nickel and 
stainless steels. 


Aluminium and its alloys cannot be used 
against the inorganic mineral acids, although in 
certain cases, organic coatings can be applied 
to components used in handling dilute acids. 
Concentrated nitric acid has, however, negli- 
gible action on aluminium and thus storage 
drums and tanks made of aluminium alloys are 
used for fuming nitric acid. 


Aluminium will resist sulphur and sulphur 
compounds even at higher temperatures, which 
is useful in the various chemical industries deal- 
ing with crude oil, refrigerants, food protection 
and processing, etc. 


There are other important corrosion resistant 
metals such as lead, tin and cadmium, which 
are widely used as protective coating to other 
metals, and are very successful so long as the 
coatings are pure and there are no pinholes 
where corrosion can be localised, although with 
additional phosphate-dichromate solution treat- 
ment, the formation of rust is prevented on hot- 
dipped steels. There are many types of coating 
known by various trade names and are either 
deposited by hot-dipping or electrolysis, im- 
pregnated by powder, liquid or vapour, or by 
spraying the molten metal on the component, 
or metallurgically bonded by rolling and heat- 
ing. In the case of the coating of metals which 
are more noble than iron, such as nickel and 
chromium, protection is only affected if, firstly, 
the coatings are thick enough to be non-porous 
and secondly, there has been no embrittlement 
of the underlying steel by hydrogen adsorption 
during electro-deposition. Chromium coating 
has a further usefulness in its intrinsic hardness, 
wear resistance and low co-efficient of friction. 
Tin coatings on steel sheet are used extensively 
for food containers, because of its corrosion 
resistance against food products and is also 
non-toxic. Copper and lead are used as 
inexpensive protective coatings where wear 
resistance is not required. 


There are many other types of coating or 
surface treatments, such as non-metallic coat- 
ings, organic conversions, oxidic treatments, 
porcelain enamels, ceramic coatings, pigments 
such as red-lead, iron oxide or synthetic resins, 
fluoride, chromate, phosphate and anodising 
treatments, synthetic rubber compounds, waxes 
and so on. Each has its own form of applica- 


tion in engineering, dependent on the particular 
corrosion problem and the base metal to be 
covered along with other phenomena such as 
stress-corrosion condition, frettage or corrosion 
fatigue. 


Protection against corrosion through the 
media is essentially the prevention of electro- 
lytic conditions or oxidation reactions becom- 
ing associated with the metal surfaces. There 
are various means, chemical, mechanical or 
physical, and all entail the removal of the 
dissolved gases in the water. Salts can be 
added to the water to combine with the 
dissolved oxygen, or, as in the case of boilers, 
the water can be de-activated by metal contact 
before being fed into the plant. The gases may 
also be removed by suitably regulating the 
temperature and pressure so that they are 
insoluble and can be separated. Inhibitors can 
be added to acid solutions to prevent attack on 
exposed surfaces, and these compounds are 
soluble weak inorganic acid salts or usually 
organic chemicals, which disperse within the 
bath, prevent hydrogen evolution and provide 
a film on the metal surface. 


Cathodic protection is essentially the polar- 
isation of the metal structure by the attachment 
of a second metal, which in the galvanic series 
is remote from the former. For example, zinc 
or magnesium will protect steel and form an 
anode of higher potential to which the flow of 
current will preferentially be directed. If 
necessary, voltages can be applied so that the 
steel structure is negative and the protecting 
metal is connected to the positive terminal. 
Magnesium anodes are frequently used for 
protection of ship hulls and ballast tanks, 
whilst zinc plates will protect bronze propellers. 

Finally, design must include the rules for 
preventing corrosion. It may not be always 
convenient to use the best corrosion-resistant 
metal, because of the other mechanical or 
metallurgical aspects. Where two metals have 
to be used, it should be arranged that they are 
close together in the galvanic series, and that 
the area of the less noble metal is not relatively 
small. If the metals are not close in the series, 


they should have an intermediate metal to 
separate them, or a coating of some insulating 
material to increase circuit resistance. The less 
noble metal should have as large a section as 
possible, so that under corroding conditions, 
failure can be delayed to within reasonable 
limits of usefulness. 


Within the areas where liquids are moving, 
design should aim to have uniformity of flow. 
Positions of water traps where liquids may 
become stagnant, or where severe impingement 
may occur, are to be avoided, and correct 
drainage should be provided. Where dynamic 
stresses are expected, there should be no 
changes in section of the metal which constitute 
a stress raiser and so cause corrosion-fatigue 
Further, vibratory and high unit loading should 
be avoided in order to prevent the occurrence 
of fretting corrosion. 


The factors and the effects of marine corro- 
sion forms a large study of its own, and 
especially in the case of the large tonnages of 
ordinary carbon steels which have to be pro- 
tected. Here, efficient protection depends on 
the initial treatment of the surface of the steel 
before being placed in service, and the build-up 
of films or inhibitive coatings under the paint 
layers will have the predominating influence on 
their future life. The differences in manufac- 
turing process and analysis of the steels are of 
less practical significance than the conditions of 
service and whatever protective coatings are 
applied, they should be adequate so that there 
is no possibility of serious failure. Numerous 
combinations of inhibitive pigments, anti- 
corrosive paints and anti-fouling compositions 
have been studied and tested under adverse 
conditions with the object of improved per- 
formances. 


The assessment of corrosion-resistance is a 
very complex subject and no laboratory tests 
can satisfactorily assimulate service conditions, 
because they fail to bring together all chemical, 
physical and mechanical agents that can be 
acting at the same time, both favourably and 
unfavourably towards the metals. 
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Discussion on Mr. R. E. Lismer’s paper 


CORROSION AND CORROSION PREVENTION 


IN METALS 


Mr. G. M. BOYD 


I must confess to a feeling of bafflement after 
reading the paper, because many of the terms 
are unintelligible to me. I can, however, agree 
fully with the final paragraph of the paper, and 
am grateful that we have in the Society 
specialists who understand these complex 
matters. It is, I think, essential that every 
engineer should have a “tame” metallurgist at 
his elbow to advise on such intricate subjects. 
The paper should be read in conjunction 
with the earlier papers by Mr. Murray and 
Mr. Adams (Staff Association 1952-53 and 
Institution of Naval Architects 1956) which 
dealt with the engineering aspects. 


Referring to the table of metals on page 1, 
I would ask why iron appears twice, and why 
hydrogen, which is not a metal, should be 
included. It was also surprising that aluminium, 
which was near the anodic end, should be 
resistant to nitric acid, as stated on page 7. 


Little mention is made of protective coatings, 
which are understood to provide the best 
practical means of preventing corrosion. These 
coatings should, moreover, be resistant to 
mechanical erosion, which is often a cause of 
severe wastage. 


There is also little reference to atmospheric 
corrosion, which is very damaging to bright 
parts, even when protected by oil, if dust can 
settle on the surfaces. This dust seems to 
penetrate the oil film and to nucleate active 
corrosion. 

The remarks on the effects of design are of 
particular interest to engineers, and merit care- 
ful study. 


Mr. R. P. HARRISON 


I would take this opportunity to endorse 
Mr. Lismer’s remarks on the corrosive dangers 
that can arise from direct contact beween 
aluminium alloys and the more cathodic metals 
such as copper, nickel, etc., and would go so 
far as to say that, in my experience of these 
alloys all cases of corrosion have resulted from 
ignoring the basic principles stated. 


There is one item on which I would seek the 
author’s opinions and that is on the fitting of 
stainless steel propellers in small light alloy 
craft. This is a practice which to my knowledge 
has not given trouble, although the combination 
of aluminium-stainless steel shows badly on the 
table given on page 2. It has been assumed that 
the relatively large area of unpainted aluminium 
alloy offered to the propeller has had the effect 
of slowing down the rate of corrosion in the 
light alloy plating. It would be most interesting 
to have the author’s comments, especially on 
the advisability of painting such alloys where 
the possibility of the paint lifting or isolated 
patches being exposed would exist. 


A point on which the author may _ be 
questioned is his reference to the fitting of zinc 
plates to protect bronze propellers. These 
should, I think, be intended to protect the hull, 
but in any case the efficiency of such plates to 
perform this task is at present being questioned, 
and the practice appears to be declining. 


In conclusion I would offer our appreciation 
to Mr. Lismer for his paper, which, in view of 
the few papers offered this session, is most 
welcome. 


Mr. G. J. BOULTER 


Will the author please enlarge on his state- 
ment that zinc plates will protect bronze 
propellers. The usual belief is that the zinc 
plates are fitted to protect the stern frame and 
plating, acting as sacrificial anodes. 


Mr. G. P. SMEDLEY 


I believe that more research and published 
information have been concerned with corrosion 
phenomena than any other engineering or metal- 
lurgical problem. The main aim of the investi- 
gation has been concerned with the prevention 
of corrosion, and it is not very encouraging to 
read about recent estimates of the annual 
expenditure in this country, due to this form of 
deterioration of iron and steel. It is evident 
that, in many instances, the life of structural 
components is only reasonable because generous 
corrosion allowances are provided in the design. 
There appears to be no practical and reliable 
method of preventing corrosion. The main aim 
is, therefore, to reduce the rate at which it 
occurs. 


The more rapid types of corrosion are generally 
associated with a number of phenomena, gal- 
vanic action being only one. Normally the 
rate of build-up of corrosion products on a 
metal follows some exponential law, i.e., the 
rate of corrosion decreases with time. High 
corrosion rates are maintained by rupture of 
the layers of the corrosion product by changes of 
temperature or stress levels. On the other hand, 
erosion, abrasion or solution may remove these 
products. Protective coatings can also be 
removed or damaged by similar means. 


While protective metals and cathodic pro- 
tection may reduce the rate at which cavitation 
erosion occurs, they are not of great value 
against wet abrasion attack. With the exception 
of titanium and some of its alloys, metals and 
alloys have poor resistance to wet abrasion 
which presents a most serious problem in the 
marine and mineral handling industries. Rubber 
linings have proved to be exceptionally resistant 
to this form of attack. 


Reference to the electro-chemical series can 
prove useful when considering some corrosion 
problems providing the limitations are observed. 
Mr. Lismer has quoted some of these, and I 


should like to refer to others. Many compounds 
of metals (oxides, hydroxides, etc.) are rarely 
included in published tables but they can have a 
marked influence on the corrosion of metals. 
Secondly, protection by a less noble metal can 
be too good. The protected metal may be 
rendered incapable of forming a thin protective 
surface layer. If the less noble metal is 
rendered passive, wastes away or is detached, 
the base metal may be subjected to rapid attack. 


The next points concern the liquid. The 
benefits gained by cathodic protection or 
wastage blocks depend on the value of the 
liquid as an electrolyte. In marine engineering 
the extremes of fresh water, sea water and 
seriously polluted waters must be considered. 
Where impressed current methods or cathodic 
protection are employed it is necessary to make 
periodical adjustments to allow for changes of 
concentration and temperature of the water. 


Some of the worst cases of corrosion have 
arisen due to transfer of minute pieces of a 
noble metal on to the surface of a less noble 
metal. For example, particles have been carried 
from the surface of copper pipes into galvanised 
steel tanks by flowing water. The tanks were 
perforated in a very short period of time. Small 
masses of brazing alloys, weld metal and solder 
are frequently left on the surfaces of compo- 
nents in the form of splatter. These can be 
easily dislodged and carried by moving fluids. 
Deposition in other sections of the systems, 
where the velocity of the fluid is decreased, can 
lead to severe corrosion if the underlying metal 
is less noble. 


I should like to refer to two corrosion 
problems which are of considerable interest at 
the present time. These concern liquid metal 
coolants, e.g. sodium, Nak, mercury and 
bismuth. At elevated temperature the oxides of 
the alkali metals are fatal to steels. The oxide 
contents of these liquid metals must be kept at 
very low values of the order of 0:005 to 0:020 
per cent. With mercury and bismuth the 
main problem is solution of the steel or leeching 
of certain alloying elements (e.g., nickel by 
mercury). Solution of steels into the liquid 
metals causes not only reduction of thickness 
of the steel containers but also plugging of the 
system by mass transfer. The usual methods 
of reducing the solubility is to add small quan- 
tities to certain metals (inhibitors) to the liquid 
metals. 


Although Mr. Lismer refers to the relative 
resistances of various metals and alloys, it must 
be stressed that superiority depends on the 
particular corrosive and operating conditions. 
For example, little benefit may be gained by 
replacing mild steel or bronzes by stainless steels 
in} some marine application, despite the 
apparently high corrosion resistance of these 
steels. Similarly, cast iron is superior to steels in 
many sea water applications, even though the 
free graphite in the former should, in theory, 
promote rapid corrosion. 


I should like to ask Mr. Lismer whether he 
would care to comment on the effects of corro- 
sion products. In particular, what determines 
the activity or passivity of these metallic com- 
pounds? 


I realise that Mr. Lismer selected a broad 
field for his interesting lecture. These comments 
have been offered to supplement and not as a 
criticism of the substance of his paper. 


AUTHOR’S REPLY 


I would like to thank the contributors to the 
discussion and particularly Mr. Smedley, whose 
added points of interest increased the usefulness 
of the paper. The methods of preventing corro- 
sion are numerous and [ am very conscious of 
the amount of detail that had to be omitted 
from the paper and the sketchy manner in 
which important features, including protective 
coating, had to be expressed. It was the inten- 
tion of the paper only to introduce the basic 
principles upon which depend the influence and 
control of the environments in which metals are 
used. 


From Mr. Boyd’s confession, it would appear 
that what the engineer finds baffling and intri- 
cate, the metallurgist regards as a logical appli- 
cation of combinations of the metal properties. 
In the difficulties of corrosion problems, the 
engineer exaggerates to cover the “factor of 
ignorance”; the metallurgist, whilst deploring 
the ravages of corrosion, regards the process as 
an “act of God” and will often admit no 
pretence at a satisfactory solution. Iron and 
steel are the metals in greatest demand; they are 
also the most corrodable. It would be quite 
easy to say that there is a corrosion-resistant 


metal for an appreciated condition of service, 
but it is always much easier to modify the con- 
ditions. So the process of corrosion is complex, 
although the final product is only the comple- 
tion of the vicious circle of the metal reverting 
to its stable mineral form. 


The electro-chemical series can be regarded 
as the order in which pure metals tend to form 
ions and go into solution in an electrolyte of 
defined ion strength. It happens that the order 
is approximately that in which the metals 
became known to man. The other essential in 
the reaction is the hydrogen ion, and the 
question of whether a given metal will or will 
not go into solution and displace hydrogen 
depends on the position of the metal in the 
series as compared with hydrogen. Thus, in 
acid solution where the hydrogen ion concentra- 
tion is high, the rate of metal solution is also 
high. The reaction is:— 


M sie a M+ + H 
(metal) (ionic) (ionic) (atomic) 


The hydrogen goes into solution or combines 
with free oxygen, and the potential of the metal 
tends to send the metal ions into solution and 
form more metal ions. As the metal solution 
becomes more concentrated, the rate of corro- 
sion is decreased. The effect is for both metal 
and hydrogen to go into solution. 


From this we can see that hydrogen behaves 
as the metal and can thus be electrolytically 
classified in the series. Since it takes part in all 
corrosion reactions, hydrogen can be given 
unity potential and used as the standard for 
potential calculations. 


The electro-chemical series contains iron in 
two positions because iron is a di-valent and a 
tri-valent element, forming two series of chemi- 
cal compounds, known as the ferrous and the 
ferric salts. Other metals behave similarly, and 
in a more detailed table such a metal as copper 
will have two positions. This is because, 
dependent on the degree of oxidising agents 
within the electrolyte, the di-valent ferrous ion 
(Fe*++) may be oxidised to the tri-valent ferric 
(Fe+*+*) and the latter is much less soluble 
than the former and requires a higher potential 
for solution. 

With regard to the behaviour of aluminium, 
which was also raised by Mr. Harrison, this 
metal has the natural property of quickly 


forming a hard, protective oxide coating, which 
can be so thin as not to interfere with any 
highly polished appearance of the surface of the 
metal. Indeed, pure aluminium is deposited, 
sprayed or cladded on to aluminium for such 
film formation. In general, cases where dissimi- 
lar metals are in contact, the more anodic metal 
will corrode within a certain medium faster 
than its normal rate of corrosion and the rate 
for the cathodic metal will be reduced. But 
there are exceptions to this rule and one is the 
unexpected good behaviour of aluminium in 
contact with stainless steel. It is due to a 
phenomenon known as polarisation, or the 
generation of a counter E.M.F. which resists 
further solution of the metal ions. Both 
aluminium and stainless steel form very good 
protective films which impede current flow and 
reduce galvanic action. There are various 
methods of electrically insulating the two metals 
with non-absorbent inserts. But moisture must 
not be able to bridge the insulation, for which 
reason, in shipbuilding, the faying surfaces 
between the two metals must be raised clear of 
the deck and any adjacent ledges chamfered for 
drainage, or any junctions or crevices filled with 
jointing compound, and so on. 


In the case of aluminium hulls with bronze 
or stainless steel propeller, the recommended 
procedure has been the fitting of zinc plates with 
insulation of the shaft drives. The difficulty 
appears to be that the current generation by the 
corrosion of the zine is not sufficient nor 
adequately distributed to the metals requiring 
protection. Anodes of magnesium or its alloys 
have a higher effective potential. But with 
considerable deposition of insulating films on 
the metal surfaces, as occurs in sea water, the 
protective current can only be very feebly 
effective. Anti-fouling paints which contain 
mercury and copper compounds should not be 
used on aluminium hulls, lead-base paints are 
not desirable. The protective value of the 
naturally formed oxide film is preferable. 


It is correct for Mr. Harrison to assume that 
the galvanic corrosion effects are roughly pro- 
portional to the ratio of the area of the cathode 
to the area of the anode and that combinations 
having large cathode areas are to be avoided. 
So the use of paint coatings should be regarded 
with caution because incomplete coverage or 
damaged patches will intensify the galvanic 
effect. If possible, the smaller cathode areas 
should be coated and sacrificial anodes placed 
adjacent to the joint between the dissimilar 
metals. In recent years, there has been a 
gradual increase in the use of- synthetic resins 
along with the appropriate primer. There are 
various groups of these organic coatings or 
chemical resistant paints and many modifica- 
tions of the manner in which they are applied. 
They have excellent properties against weather- — 
ing and water immersion, and many possibilities 
remain to be still exploited. 


The author is grateful to Mr. Boulter for 
pointing out the over-generalised statement that 
zinc plates will directly protect bronze propellers. 


In reply to Mr. Smedley’s query dealing with 
the properties of “active” or “passive” films, 
the answer depends on so many factors includ- 
ing the metal surface finish, temperature, con- 
centration within the corrosive medium, etc. 
Generally, a “passive” film is almost completely 
insoluble in the electrolyte or surrounding 
medium and is impervious to the passage of an 
electric current. Thus the corrosive action 
ceases and there is a change of potential 
towards the cathodic end of the series. Hetero- 
geneity in the nature of the film will cause its 
breakdown; presence of stress concentration can 
cause a potential shift; presence of dissimilar 
metal contacts; flow characteristics in the fluid 
in contact with the metal; these and other such 
objectionable features can influence the nature 
of the possible protective films. In general, the 
“passive” films benefit from some degree of 
turbulence which will keep the metal surfaces 
free from deposits. 
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